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SECULAR CHANGE IN NONMETRIC TRAIT EXPRESSION 
IN EUROPEAN AMERICAN INDIVIDUALS 
GRACE S. KILROY 
ABSTRACT 
Secular change has been documented in several studies focused on cranial and 
postcranial morphometrics and nonmetric traits. However, to date, few studies have 
addressed the potential of temporal change occurring in the expression of cranial 
nonmetric traits utilized in ancestry estimation. This study examines the effect of secular 
change on the expression of 23 cranial and mandibular nonmetric traits frequently 
employed in ancestry estimation; with age-at-death, sex, and year-of-birth of each 
individual documented for data analysis. Data were collected from European American 
individuals from the Hamann-Todd Skeletal Collection (n=518) and the William M. Bass 
Donated Skeletal Collection (n=602). Individuals were divided into birth-year cohorts as 
follows: Hamann-Todd Skeletal Collection: 1824–1849 (Cohort 1), 1850–1874 (Cohort 
2), 1875–1899 (Cohort 3), and 1900–1924 (Cohort 4); William M. Bass Donated Skeletal 
Collection: 1900–1924 (Cohort 4), 1925–1949 (Cohort 5), and 1950-1987 (Cohort 6).  
Pearson’s chi-square analyses produced significant p-values (£ 0.01) in 19 of the 
23 traits between the six birth-year cohorts. Factor maps generated through 
correspondence analyses were used as visual representations of relative trait expression 
between the cohorts. Ordinal regression analyses assessed the degree of variation 
between each cohort in relation to Cohort 1 along with the influence of age-at-death and 
sex on trait expression. Overall, analyses of the data revealed that secular change has 
occurred in 11 of the 23 traits, including: anterior nasal spine (ANS), malar tubercle 
vi 
(MT), nasal bone contour (NBC), postbregmatic depression (PBD), supranasal suture 
(SPS), transverse palatine suture (TPS), zygomaticomaxillary suture (ZS), gonial angle 
flare (GAF), mandibular tori (MDT), and posterior ramus edge inversion (PREI). 
Change in trait expression occurred in both males and females in seven traits, including: 
ANS, MT, TPS, ZS, GAF, MDT, and PREI. A significant change in trait expression 
occurred predominately between Cohorts 3 and 4 (birth years ranging from 1875 to 
1924) and Cohorts 4 and 5 (birth years ranging from 1900 to 1949). This study 
demonstrates that secular change in nonmetric cranial and mandibular traits has 
occurred over the last two centuries with the most considerable change appearing at the 
turn of the twentieth century.  
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CHAPTER 1: INTRODUCTION 
In the mid-19th century, the field of physical anthropology emerged through the 
work of several individuals with common interests in human evolution, skeletal biology, 
and medicolegal investigations (Little and Sussman, 2010). Many early physical 
anthropologists came from backgrounds in medicine and actively practiced as physicians 
and anatomists (Little and Sussman, 2010). The early years of physical anthropology 
were affected by racially-influenced studies of human variation and typological 
methodologies, which impacted the development and progress of the field (Little and 
Sussman, 2010). However, the latter half of the twentieth century saw a shift in 
perspective as researchers began studying human variation as a continuum and 
developing an appreciation for the underlying biological processes.  
As a subdiscipline of biological anthropology, forensic anthropology often 
involves the estimation of ancestry from unidentified remains. Ancestry can be estimated 
using both metric and nonmetric methods, with one method being more appropriate than 
another depending on the circumstances and preservation of bone. Metric analyses of the 
cranium were first discussed in a forensic context by Giles and Elliot (1962) and today 
metric data can be imported into a software program, such as FORDISC (Jantz and 
Ousley, 2005), to run discriminant function analyses which estimate an individual’s 
geographic origin (Spradley and Jantz, 2016). Nonmetric methods of analysis involve 
visually scoring several known traits and estimating ancestry based on the distribution of 
represented traits. Nonmetric trait analysis is sometimes preferred since the analysis can 
be accomplished with fragmented remains (Hefner, 2007; Rhine, 1990).  
 2 
It is important to note that ancestry is not a direct reflection of “race” in the 
respect that many people understand the term; and it is not always an accurate 
representation of how an individual identified in life (Ousley et al., 2009). Instead, 
ancestry refers to an individual’s ancestral geographic origin or population affinity. The 
substantial skeletal variation between geographic populations can be attributed to the 
effects of environmental influences, genetic drift, and gene flow over countless 
generations (Hanihara et al., 2003; Ousley et al., 2009). For example, population 
differences in nasal aperture shape may stem from an environmental advantage; a taller 
or less circular nasal passageway increases the ratio of nasal surface area to inspired air, 
allowing the air to warm before entering the lungs which is beneficial in colder and dryer 
climates (Wolpoff, 1968). While not all nonmetric traits display a clear environmental 
advantage, recent studies have shown that the frequency distribution of nonmetric trait 
character states is population specific (Hefner, 2007, 2009; Hefner and Linde, 2018; 
Hefner and Ousley, 2014). Although the assessment of nonmetric traits is inherently 
subjective, recent efforts have endeavored to standardize the process of scoring the 
character states of several nonmetric traits (Hefner, 2009, 2011; Hefner and Linde, 2018).  
The first ‘standardized' method for assessing ancestry was published by Earnest 
Hooton, who studied cranial variation between racial groups (Brues, 1990). Hooton 
described races as being physical divisions between population groups that could be 
distinguished by similar combinations of anatomical features due to their shared ancestry 
(Hooton, 1936). The majority of Hooton’s work focused on analyzing skeletal variation 
and cataloging traits he felt were discretely expressed between racial groups (i.e., a 
typological approach). Typological methods categorize traits based on "type" or racial 
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category, where the expression, or degree of expression, of a suite of traits were thought 
to be found in only one group, and any deviation was considered to be the result of 
admixture (Caspari, 2009). Scored traits were often selected post hoc after the examiner 
had determined a racial category for an individual (Hefner et al., 2012). In the decades 
that followed, physical anthropologists integrated Hooton’s work into their own and 
perpetrated the practice of typological racial assessment (see Brues, 1958; Coon, 1965; 
Garn, 1961; Rhine, 1990).  
The history of anthropology is entwined with racist ideas and practices. However, 
since the field’s foundation, many influential researchers have argued that differences 
between populations should be seen as continuous and that variation should be studied as 
a result of environmental pressures (Stini, 2010). While racial typology was reinforced 
with early ancestry assessment methods, other prominent members of the field such as 
Franz Boas and Sherwood Washburn encouraged the study of human evolution and 
variation as continuous models (Boas, 1912; Little, 2010; Stini, 2010; Washburn, 1951). 
Franz Boas significantly contributed to the progress of the field through his studies of 
population variation and phenotypic plasticity (Boas, 1912; Little, 2010). Although Boas 
acknowledged the existence of races as groups of genetically similar individuals, he 
firmly argued against the concept of typological race and focused instead on phenotypic 
plasticity and the environmental factors affecting human variation (Boas, 1912; Little, 
2010).  
The study of races or population groups has been a heated topic for the better part 
of a century. Livingstone and Dobzhansky (1962) argued the issue of whether or not 
population groups should be classified as races. Livingstone considered the term ‘race’ to 
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be synonymous with ‘subspecies’ and he made the well-known statement that “there are 
no races, there are only clines” (Livingstone, 1962:279). According to Livingstone, the 
causes of intraspecific biological variation are different from those of interspecific 
variation and to apply the term subspecies to any part of human variation is arbitrary and 
obscures the true explanations for variation. For example, Livingstone argued that "when 
a particular blood group, gene, or hair form is found to be characteristic of the 
populations of a particular region, it is frequently ‘explained’ as being a ‘racial’ 
character” (Livingstone, 1962:279). According to Livingston, this assertion is flawed in 
assuming that a character possessed by some population groups will be absent in the rest 
of humanity and he suggests that human variation can better be understood as a cline 
(Livingstone, 1962). A cline may be attributed to: 1) the recent advance of an 
advantageous gene; 2) gene flow between populations which inhabit environments with 
different equilibrium frequencies for the gene; or 3) a gradual change in the equilibrium 
value of the gene along the cline (Livingstone, 1962).  
In contrast to Livingstone, Dobzhansky felt that naming population groups is 
appropriate and necessary. Dobzhansky argued that "if all racial variation formed clines, 
if all clines were uniform, and if the clines in different characters were absolutely 
independent and uncorrelated, then race differences would still exist; but racial names 
would not be conveniently applicable” (Dobzhansky, 1962:280). Dobzhansky states that 
clines are not uniform because natural and social impediments to travel and intermarriage 
create obstacles to gene exchange; and therefore, different characters and their underlying 
gene frequencies are often correlated with specific populations (Dobzhansky, 1962). The 
foundation of this opinion is not entirely different from Livingstone’s; however, 
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Dobzhansky argues that racial categorization is an appropriate manner for studying 
population groups while Livingstone adamantly renounces the use of racial terms 
(Livingstone and Dobzhansky, 1962).  
Sherwood Washburn, a student of Earnest Hooton, also challenged the accepted 
methods for racial assessment and was forward thinking in many of his ideas (Washburn, 
1951). Washburn set the stage for a transition from ‘physical anthropology’ to ‘biological 
anthropology’ as early as 1951 with his publication on what he called the ‘new physical 
anthropology’ (Washburn, 1951). The ‘new physical anthropology’ emphasized human 
evolution and variation and suggested that races should be studied as population groups 
with continuous variation rather than expressing discrete traits (Washburn, 1951). 
Although Hooton’s work is controversial, there is no denying the impact he has 
had on the field. Students of Hooton continued to study racial differences by 
documenting typological skeletal variation through the 20th century, passing along their 
methodologies to the next generation. Alice Brues, a student of Hooton’s, published a 
paper in 1958 on the Identification of Skeletal Remains in which she dedicates a section 
to racial identification. Brues (1958) discusses three classes of racial characteristics: 1 – 
those that appear only in the soft tissue; 2 – those skeletal features that are visible in both 
the hard and soft tissue; and 3 – those traits apparent only in the skull. Within these three 
classes, various traits are present, which can be applied to racial determination (Brues, 
1958). In 1990, Stanley Rhine published a refined list of Hooton’s traits which he felt 
could accurately be applied to determine ancestry. Rhine attempted to standardize 
nonmetric trait assessment by indicating trait frequencies for each racial group; however, 
his sample size consisted of only 53 Whites, 15 Hispanics, and 5 Blacks (Rhine, 1990). 
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The low sample sizes flaw Rhine's work, and he cautioned against the use of his trait list 
without additional study (Rhine, 1990). Problematically, many anthropologists continue 
to reference such flawed studies in their assessment of ancestry. 
 In light of the history of assessing ancestry by means of typological methods, 
some anthropologists have felt, and even still feel, that continuing to estimate ancestry in 
the biological profile encourages the concept of biological races, which in turn deepens 
the social construct of race (Smay and Armelagos, 2000). Sauer (1992) discusses how 
forensic anthropologists have been criticized for continuing to identify an individual's 
‘race' in the biological profile after anthropologists as a whole have fought to change the 
social perception of race by demonstrating that biological races do not exist (Sauer 1992; 
Ousley et al., 2009). Sauer (1992) proposed that the term ‘ancestry’ be adopted to 
distance the discussion of geographic origin from the social construct of race. Kennedy 
(1995) continued this discussion by presenting the problems that surround teaching 
students the various methods for determining ‘race' while also impressing upon them the 
fact that biological races do not exist. Kennedy (1995) does not discourage the estimation 
of ancestry; in fact, he argues that ancestry is an essential aspect of the biological profile; 
however, it is imperative that students and peers understand the paradox of ancestry and 
the non-existence of biological race yet the simultaneous existence of social races. 
Over the last two decades, a significant effort has placed on developing methods 
of ancestry assessment within a statistical framework. An emphasis has been placed on 
understanding ancestry from a population perspective with a focus on understanding the 
distribution of human variation. Hefner (2007, 2009) demonstrates that when nonmetric 
traits are scored following a standard ordinal scoring system and statistically analyzed for 
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association with population groups, there is a statistical correlation between the expressed 
frequency of character states and ancestral origin. Observer bias, one of the major issues 
with previous methods of ancestry assessment, is minimized by determining the character 
state of each trait and then working within a statistical framework to estimate ancestry 
(Hefner, 2007, 2009). Statistical analysis of character states demonstrates that variation 
within morphological trait expression exists within and between population groups, 
which contradicts previous typological methods (Hefner, 2009). However, the fact that 
variation exists does not negate the application of nonmetric methods in the assessment 
of ancestry when applied within a statistical framework (Hefner, 2009).  
While understanding variation between population groups is important, an 
understanding of variation within population groups is equally essential; this includes 
exploring changes in trait expression within population groups over time. Secular change 
(change in skeletal development and/or the expression of skeletal features) has been 
documented in several studies and shown to impact stature and cranial dimensions (Jantz, 
2001; Jantz and Meadows Jantz, 2000, 2016; Meadows and Jantz, 1995; Meadows Jantz 
and Jantz, 1999; Spradley et al., 2016). Further research is necessary to understand the 
factors influencing nonmetric trait expression and the full range of variation within all 
populations. 
From a biological standpoint, the mutation of genes can impact the morphological 
expression of skeletal features. Genetic studies support the presence of changing 
phenotypic expressions, and the fossil record has shown that microevolution occurs in 
skeletal structures (Fondon and Garner, 2004). Fondon and Garner (2004) examined 
tandem repeats in coding regions of developmental genes and compared changes in the 
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DNA sequences with changes in morphometrics taken from 3D rendered skull models. 
Fondon and Garner (2004) suggest that frequent length mutations in gene-associated 
tandem repeats may generate abundant morphological variation; therefore, it is important 
to study human variation and microevolution from multiple perspectives. By 
understanding the biological mechanisms underlying morphological variation, human 
variation can be better understood.  
 
Rationale of the current study  
The relevance of the present study is based on the importance of ancestry 
estimation in the biological profile. The ability to estimate ancestry from a set of skeletal 
remains is a key component in the identification of unknown remains (Ross et al., 2011). 
Understanding rates of secular change and the effects of secular change on the accuracy 
of ancestry estimation methods can improve the process of identification. From a legal 
standpoint, it is necessary to fully understand the accuracy of a method, including inter- 
and intra-observer error rates, and hold methodological practices to the highest standards 
so that they will withstand scrutiny in court when assessed against the Daubert guidelines 
(Christensen, 2004; Christensen and Crowder, 2009). The Daubert guidelines ensure that 
expert testimony is given for both scientific and non-scientific subjects and that scientific 
testimony is rigorous (Daubert v. Merrell Dow Pharmaceuticals, 1993). The guidelines 
also require that reasonable and sufficient data be shown to tie the conclusions of the 
testimony to the case on trial (Daubert v. Merrell Dow Pharmaceuticals, 1993). 
Biological anthropologists, especially those who specialize in forensic 
anthropology, often employ methods of sex, ancestry, age, and stature estimation to build 
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a biological profile for a set of skeletal remains (Hefner, 2009; Ousley et al., 2009). 
Biological profile methods are based on data collected from skeletal collections around 
the world; however, many skeletal collections are comprised of historic skeletal remains 
(Klales, 2016). Human evolution is an ongoing process and numerous anthropological 
and biological researchers have documented micro changes that affect phenotypic 
expression and skeletal traits. Recent studies have documented microevolutionary 
changes in stature, cranial dimensions, and the expression of skeletal traits across all 
populations (Jantz, 2001; Klales, 2016; Meadows and Jantz, 1995). These changes have 
the potential to impact methods of standardization employed by forensic anthropologists; 
and therefore, methodological practices should be evaluated to ensure their applicability 
to modern populations (Klales, 2016).  
 
Goals and Hypothesis 
Studies evaluating the rate of secular change, or microevolution, are important to 
the field of biological anthropology, specifically forensic anthropology, because they 
address issues in developing an accurate biological profile that stem from changes in 
stature, levels of sexual dimorphism, and nonmetric trait frequencies over short periods of 
time. The purpose of this study is to document changes in nonmetric trait frequencies 
over time to supplement and extend the current literature. Studies to date have focused on 
secular change in craniometric data (Jantz and Meadows Jantz, 2000) and nonmetric trait 
expression on the postcranial skeleton (Klales, 2016). A gap in the research has been 
identified concerning secular change in nonmetric traits of the cranium and mandible. If 
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significant secular change is present, the utility of methods built upon historical data may 
be called into question (Meadows and Jantz, 1995). 
This thesis examines whether or not secular change has an impact on the 
expression of character states of nonmetric traits found in the cranium and mandible. The 
traits assessed are taken from the work of Hefner (2007, 2009; Hefner and Linde, 2018) 
and Berg (2008) with additional supplementary references (Angel and Kelly, 1990; 
Hassett, 2006; Wun, 2014). Levels of expression in these traits have been shown to 
display statistically significant differences between population groups and therefore, are 
considered to be useful in estimating ancestry. By looking at the trait frequencies of 
several European American birth-year cohorts, this thesis examines whether the 
expression of traits within one population is consistent over an extended temporal period. 
In order to maximize the sample size, this thesis is limited to the examination of 
European American adults born between 1824 and 1987; however, an expanded study 
should analyze secular change within additional populations in order to fully understand 
the impacts. 
The author hypothesizes that statistically significant differences are present in the 
expressed frequencies of nonmetric cranial and mandibular traits, between historic and 
modern European American individuals with birth years ranging from 1824 to 1987. 
Change in nonmetric trait expression over a relatively short period of time may be 
attributed to the industrialization of society and changes in environmental variables such 
as medical advancements, nutrition, health/stress, culture, and climate. 
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Organization of chapters 
 Chapter 2 discusses the history of nonmetric ancestry assessment within the field 
of anthropology, including its early development and methodological practices. A 
discussion of the advancements in nonmetric ancestry estimation and its application in 
the field today follows. Finally, a discussion of the relevant research regarding secular 
change is presented. Chapter 3 presents a brief overview of the collections utilized for 
this research. An explanation of the scoring of each trait follows with line drawings and 
definitions. The statistical methods applied for data analysis are then discussed. Chapter 4 
presents the results of data analysis, including tables and figures indicating which 
nonmetric traits display signs of significant secular change. Chapter 5 reviews the results 
of Chapter 4 in an in-depth discussion of the relevant traits and the implications of the 
results of this study. The final chapter concludes with a summary of the purpose of this 
study and discusses the need for future research aimed at understanding secular change in 
all populations. 
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CHAPTER 2: PREVIOUS RESEARCH 
This chapter discusses the history and development of nonmetric ancestry 
assessment as a method within the field of biological anthropology. The methods and 
practices of early biological anthropologists are compared with those of professionals 
practicing in the field today. The implications of secular change and a discussion of the 
relevant literature regarding secular change in the human skeleton is also presented. 
 
A history of nonmetric ancestry assessment 
The study of skeletal variation as a method for estimating ancestry was first 
suggested by Thomas Dwight in his publication on the biological profile in the 19th 
century (Dwight, 1878) and since then numerous methods for cranial and postcranial 
analysis have been published (e.g., see Berry and Berry, 1967; Brues, 1958; Coon, 1965; 
Corruccini, 1974; Edgar, 2005, 2013; Garn, 1961; Hanihara et al., 2003; Hefner, 2009; 
Hefner and Linde, 2018; Hefner and Ousley, 2014; Hooton, 1930; Klales and Kenyhercz, 
2015; LeDouble, 1903, 1906, 1912; Ossenberg, 1969, 1970, 1976; Russell, 1990; 
Tallman and Winburn, 2015; Turner et al., 1991; Wood-Jones, 1931). Forensic 
anthropologists today often apply their knowledge of human variation to document 
differences in the expression of nonmetric traits in order to estimate an individual’s 
ancestry. Skeletal variants are found on all skeletal elements; however, those associated 
with ancestry estimation are typically observed on the cranium (Hefner, 2009). Buikstra 
and Ubelaker (1994:85) defined cranial nonmetric traits as “dichotomous, discrete, 
epigenetic traits” that are “nonpathological variations of skeletal tissues [and] can […] be 
classified as present or absent” or described on a morphological gradient scale. 
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The first documentation of the presence and variability of nonmetric skeletal 
features occurred in the late 1800s (Berry and Berry, 1967; Saunders and Rainey, 2008). 
Chambellan (1883) appears to have been the first to publish on the utility of skeletal 
variation between population as anthropological characters. Russell (1900) statistically 
assessed the cranial morphological variations of over 2,000 Amerindian crania from the 
Peabody Museum at Harvard University. Following this, in the early 1900s, the French 
anatomist A. F. LeDouble published a multivolume reference on the subject of 
morphological variation (LeDouble, 1903, 1906, 1912). This reference was so extensive 
that an entire volume was dedicated to variations of the cranium (LeDouble, 1903) while 
another volume was dedicated to variations of the facial bones (LeDouble, 1906). 
Thomas Dwight (1904), who had published his findings on the biological profile during 
the late 1800s, reviewed LeDouble's publication on cranial variation noting the minute 
details and variations in bony features described by LeDouble. 
Dwight’s (1904) review of LeDouble (1903) discusses the in-depth exploration of 
the variable presence of certain cranial features and developmental pathways of the 
cranial bones. LeDouble offers explanations by way of comparative anatomy and 
embryology for the causes of cranial variations and abnormalities and makes a point to 
critique Lombroso’s school of thought (Dwight, 1904), which states that physiological 
differences are a sign of inferiority and are phenotypically detectable in criminals 
(Lombroso, 1896, translated 2006). It is clear, however, that LeDouble acknowledged the 
widely held belief of biological divisions between races. This is exemplified in Dwight 
(1904) through an overview of LeDouble's presentation of a specific trait, the frontal 
process of the temporal, as an animal analogy. According to LeDouble, this trait is found 
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in several animals and in man it occurs ‘most frequently in what are held the lower races' 
(Dwight, 1904:303).  
Throughout the early and middle twentieth century, Earnest Hooton studied the 
distribution of nonmetric traits within racial groups (Hooton, 1926, 1936). Hooton firmly 
believed in biological divisions between race, stating: “a ‘race’ is a physical division of 
mankind” which can be distinguished by similar combinations of anatomical features due 
to their shared ancestry (Hooton, 1936:512). A significant portion of Hooton’s work 
focused on analyzing skeletal variation and cataloging features he felt were discretely 
expressed between racial groups. When a skeletal feature was noted in an individual 
unrelated to a population group thought to express such a trait, the expression was 
considered as the result of admixture rather than a cline of variance as discussed by 
Livingston (Livingston and Dobzhansky, 1962). Based on his typological perspective, 
Hooton’s early research focused on traits that he believed were not affected by the 
environment (Hooton, 1926). However, within the contents of Hooton’s notes, published 
two decades later, he acknowledged that a focus on non-adaptive traits was impractical to 
the advancement of nonmetric trait studies (Hooton, 1946). 
In the 1930s, Hooton published an extensive list of nonmetric traits, as well as 
metric measurements, with correlations to racial groups (Brues, 1990). This set of traits is 
known as the Harvard list, and it formed the building blocks for a century of research 
focused on population differences and the assessment of ancestry from nonmetric traits 
(Brues, 1990; Hefner, 2009). Although Hooton’s Harvard list was extensive, his 
reference samples were small (Hefner, 2009). In the practical use of Hooton’s method, 
the traits were often selected post hoc after the observer had already assessed the racial 
 15 
category of the remains (Hefner et al., 2012). Given that typological methodologies were 
commonly practiced, the easy application of nonmetric trait assessment permitted this 
method to become widely accepted in the field, and the issues of small sample size and 
post hoc trait selection went overlooked (Hefner et al., 2012). In the decades that 
followed, physical anthropologists built on Hooton’s work and perpetuated the practice of 
typological racial assessment (e.g., see Brues, 1958; Gill and Rhine, 1990).   
Although his contributions aided in shaping the future of physical anthropology, 
Hooton’s perspectives were influenced by the time; and his work was heavily based on a 
typological framework (Little and Sussman, 2010; Hefner et al., 2012). Hooton, with the 
assistance of many of his students, collected massive amounts of anthropometric data 
from several population groups in an effort to demonstrate the existence of distinct 
biological races (Hefner et al., 2012). Based on these data, Hooton classified three 
biological discrete human races: White, Negroid, and Mongoloid, which were further 
subdivided into secondary races (Hooton, 1926). After collecting craniometric and 
nonmetric data from skeletal material recovered from Pecos Pueblo, Hooton added a third 
racial category: pseudo-types (Woodbury, 1932). Hooton (1930) defined a pseudo-type as 
a group that expressed similar morphological traits to a geographically separate race. 
Hooton determined that the morphological traits and cranial dimensions of the skeletal 
remains from Pecos Pueblo fit into eight separate categories or pseudo-types and his 
conclusions were published in his book titled The Indians of Pecos Pueblo (Hooton, 
1930; Shapiro, 1954). 
Hooton’s work at Pecos Pueblo influenced him to begin the process of writing 
one of his most famous publications, Up from the Apes, which was first published in 
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1931 and has since been revised and reprinted several times (Shapiro, 1954). This volume 
describes the morphological characteristics of different ‘primary races’ as well as their 
various ‘subtypes’ (Weidenreich, 1947). Although many of Hooton's methodologies were 
based in typological thinking and the concept of biological determinism, his impacts on 
the field were far-reaching and relatively progressive. Throughout his academic career, 
Hooton pushed for the standardization of methods and the use of statistical analyses 
(Hefner et al., 2012). The era limited his work, but at that time, his statistical methods 
were considered highly sophisticated and innovative (Shapiro, 1981). 
The work of Frederic Wood-Jones paralleled Hooton's studies during the 1930s. 
Wood-Jones (1931) detailed 26 nonmetric morphological characters of the skull but did 
not include any population-specific affinity for the traits. Wood-Jones (1931) makes the 
point that further research is necessary in order to establish a list of appropriate traits for 
assessing ancestry; however, many physical anthropologists developed their own 
understanding of which traits were of importance, further compounding the problem of 
standardization. This sentiment illustrates an important issue of early applications of 
nonmetric ancestry assessment and encourages post hoc selection of traits.  
Between the 1930s and 1950s, interest in nonmetric traits waned. Brues (1958) 
discussed the identification of skeletal remains and touched briefly on determining the 
race of skeletal remains, even suggesting that if hair from an individual can be analyzed 
then the likelihood of correctly determining race is much higher. Brues (1958) divided 
characteristics of race into three classes: first-class traits include those of only the soft 
tissue; second-class traits include skeletal features that are apparent in living individuals 
beneath the soft tissue; and third-class traits are characteristics of the skeleton not 
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apparent during life. The method of determining race from skeletal remains as presented 
by Brues (1958) also follows a typological framework. For example, she states that “the 
formation of the lower border of the nasal aperture [is] very distinctive in reasonably full-
blooded Negroes” (Brues, 1958:559). This Hootonian method of assessing ancestry is 
based on the limited understanding of skeletal variation at that time and relies more on 
observer experience rather than scientific study.   
During the 1950s, scientists began examining the biological and environmental 
factors influencing skeletal nonmetric traits in mice (Saunders, 1989). Doel et al. (1957) 
found that skeletal variants in mice are inherited and these variants are morphologically 
analogous to those that occur in human populations. Following studies on mice, interest 
in nonmetric traits resurged (Corruccini, 1974) and a major study examining variations in 
skeletal nonmetric traits in human populations was published by Berry and Berry (1967). 
Berry and Berry (1967) produced a lengthy list of nonmetric cranial traits to which they 
applied the multivariate Smith-Grewal statistic to calculate the average distances between 
eight sample populations. However, their study was limited in its understanding of the 
factors influencing nonmetric traits; the authors considered the effects of sex, age, and 
environment on the expression of nonmetric traits to be minimal (Berry and Berry, 1967). 
Berry and Berry (1967) presented the use of population trait frequencies as potential 
genetic markers which might be used to assess biological variability in ancient 
populations. The publication of this paper led to subsequent verification studies and 
deepened the divide within the field between those who argued that variation in 
nonmetric traits could accurately distinguish population groups and those who believed 
that it could not (Saunders, 1989).  
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Ossenberg (1969) presented an extensive list of nonmetric cranial traits and 
classified these traits based on tissue development and form (Saunders and Rainey, 
2008). Although Ossenberg’s initial work was extensive, she did not present data on the 
population affinity of specific traits until later publications (Ossenberg, 1970, 1976). By 
the mid-1900s those in favor of assessing nonmetric traits as a method for determining 
ancestry had argued that discrete traits: were highly genetic in nature; varied in frequency 
between populations, even those closely related; were unaffected by environmental 
variability; did not vary with age or sex; and were easy to define and standardize 
(Corruccini, 1974). Although these expectations were treated as fact by many practicing 
anthropologists, there was a lack of scientific evidence to support these assertions, since 
the majority of studies published at that time referenced either laboratory animals or pre-
historic population groups (Corruccini, 1974). Corruccini (1974) attempted to correct this 
problem by studying a modern sample of individuals from the Terry Collection. A total 
of 72 discrete traits, 61 of which showed sufficient variability, were scored in 321 Black 
and White individuals of known age and sex. Unlike previous studies, Corruccini (1974) 
tested for, and found, dissimilarities in trait expressions between males and females as 
well as differences between age groups. Corruccini (1974) concluded that nonmetric 
cranial traits may be useful in determining population affinity, but that they should not be 
used as a primary or sole source of data; instead, they should function as a control against 
other data types such as metric analyses, dental and postcranial trait assessments, 
documentation of pathologies, and other valuable parameters referenced in genetic 
comparisons of skeletal material.  
 19 
Ossenberg (1976) assessed population distances between two North American 
indigenous populations and two Black populations. Ossenberg (1976) evaluated 24 
discrete traits and found significant differences between the groups. Although the results 
were significant and Ossenberg (1976) encouraged their continued use, she concluded, as 
Corruccini (1974) had, that nonmetric traits should only be used in conjunction with other 
methods. These two studies aided the advancement of the field by supporting the use of 
nonmetric cranial traits in assessing ancestry when used with statistical analyses; 
however, they did not address the issue of typological trait assessment or the lack of 
standard procedures for recording the expression of nonmetric traits.  
 
Nonmetric ancestry estimation today 
The history of ancestry assessment is intertwined with racist observations founded 
in a typological understanding of population groups. Many early anthropologists believed 
that populations represented discrete groups, and that variation in the expression of traits 
within population groups was the result of admixture rather than normal human variation 
(Hooton, 1936). Current research has proven historic methods to be unreliable, 
inaccurate, and inappropriate for estimating ancestry; and the problems of typological 
thinking and small sample sizes have been repeatedly referenced as reasons to remove 
ancestry from the biological profile (Hefner, 2009).   
Although many anthropologists have rightfully questioned the validity of 
traditional methods, recent studies have strived to standardize nonmetric methods of 
ancestry estimation. Hanihara et al. (2003) conducted a large-scale study that assessed 20 
discrete traits, accounting for sex, in 70 sample groups. Several thousand individuals 
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were analyzed, and multivariate statistics were applied to estimate distances between the 
groups. A study by Hefner (2009) also demonstrated that nonmetric traits are positively 
correlated with geographic origin when a statistical framework is applied. Hefner (2009) 
refers to nonmetric traits as morphoscopic traits, also referred to as macromorphoscopic 
traits (Hefner et al., 2012), and describes these traits as quasicontinuous skeletal 
variations on the cranium, which are often reflected in the soft tissue structures of a living 
individual. This description is similar to that of Brues' (1958) description of second-class 
traits. Hefner (2009) divides the traits presented into five groups: bone shape; bony 
feature morphology; suture shape; presence/absence; and feature prominence/protrusion. 
Hefner (2009) provides line drawings for the character states of 11 nonmetric traits 
adapted from the 16 traits studied by Hefner (2007). Subsequent publications provide 
illustrations of all 16 traits along with photographic examples (Hefner, 2012; Hefner and 
Linde, 2018). By standardizing the descriptions of nonmetric traits and constructing 
studies that incorporate large datasets and proper statistical analyses, ancestry can be 
correctly estimated from nonmetric traits rather than assessed through a typological and 
gestalt analysis. 
Hefner (2009) statistically analyzed 11 nonmetric cranial traits within four 
population groups (African, American-Indian, Asian, and European). When ancestry was 
assessed through statistical frameworks such as logistic regression, naïve Bayesian, and 
k-Nearest Neighbor, Hefner (2009) demonstrated an accuracy rate of 84% to 93%. 
Accuracy was found to be dependent on the combination of traits scored and the 
statistical methods employed (Hefner, 2009). Hefner (2007, 2009; Hefner and Linde, 
2018; Hefner et al., 2015) calculated the frequency of character states for several groups, 
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including the above groups along with several additional groups (e.g., Guatemalan, 
Southwest Hispanic, Mexican, Japanese, Thai, etc.), and found the distribution of trait 
frequencies to be population specific. These findings also demonstrate that morphological 
variation within a group does not equate to admixture as many anthropologists had 
previously assumed (Hefner, 2007, 2009; Hefner et al., 2015).  
Based on this earlier work, Hefner and Ousley (2014) developed the six-feature 
based optimized summed scored attributes (OSSA) method using an artificial neural 
network (aNN) to assign ancestry. In this context, OSSA is a statistical method for 
distinguishing ancestry between African Americans and European Americans (Hefner 
and Ousley, 2014). The method incorporates six nonmetric traits including: anterior nasal 
spine (ANS), inferior nasal aperture (INA), interorbital breadth (IOB), nasal aperture 
width (NAW), nasal bone structure (NBS), and post-bregmatic depression (PBD) (Hefner 
and Ousley, 2014). The OSSA method compresses the frequency distribution of trait 
character states into a binary system (0 or 1), and ancestry is then estimated by combining 
the six-trait scores; the final score will indicate African American (0-3) or European 
American (4-6) (Hefner and Ousley, 2014). The OSSA method has an accuracy rate of 
~86% when appropriately applied; however, it fails to account for covariance or 
multivariate relationships and is limited in that all six traits must be present for analysis 
and only European American and African American ancestry can be estimated at this 
time (Hefner and Ousley, 2014).  
In a validation study of Hefner’s (2009) study, L’Abbé et al. (2011) looked at 13 
nonmetric traits within three South African groups. Their data showed that both an 
individual’s sex and age-at-death impact the expression of trait frequencies on the 
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cranium. This study was conducted on individuals of South African descent, and the 
authors postulated that variation in the correlation of trait frequencies to sex and age-at-
death might be tied to ancestry. The authors compared 520 crania from individuals of 
known age, sex, and ancestry. Both ancestry and sex were found to independently affect 
three of the nonmetric traits scored: nasal bone contour, nasal breadth, and interorbital 
breadth (L'Abbé et al., 2011).  
Standardization of mandibular nonmetric traits has not been so extensively 
explored; however, the mandible is highly durable and less likely to degrade, or fracture, 
so further studies are forensically relevant (Berg 2008). Berg (2008) analyzed seven 
nonmetric traits of the mandible and the biological affinity of these traits. Berg (2008) 
provides descriptions for each trait and the stages of variation, along with corresponding 
images. The results of Berg's (2008) work indicate that the correct classification of 
ancestry using only mandibular nonmetric traits can be poor; however, when comparing 
only U.S. Whites and Blacks the rate of classification was 87.1% for males and 88.2% for 
females. In his discussion, Berg (2008) suggests that secular change has likely affected 
the expression of nonmetric mandibular traits and he states that the mandible has become 
more complex over time, "with more mandibular tori, larger expressions of posterior 
ramus edge inversion, a more complex chin, and the ascending rami […] increasing to a 
uniform width” (2008:144).  
Recently Berg and Kenyhercz (2017) have introduced (hu)MANid, a web-based 
application that applies linear and mixture discriminant function analyses to classify 
mandibles. Both metric and nonmetric variables can be input into (hu)MANid, with 
nonmetric traits following the definitions provided by Berg (2008). This program is a step 
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forward in standardizing the application of nonmetric ancestry estimation methods and 
will hopefully function alongside similar computer programs currently under 
development for assessing cranial and postcranial nonmetrics. 
The expression of nonmetric traits in association with ancestry is not limited to 
skeletal morphology, as researchers have also been successful in analyzing levels of 
variation in tooth morphology. Turner et al. (1991) describe the utility of the Arizona 
State University Dental Anthropology System (ASUDAS) in scoring tooth morphology. 
The ASUDAS provides casts of each variant, which are described in detail by Turner et 
al. (1991). Using the ASUDAS standards, Edgar (2005) found that ancestry could be 
correctly estimated for 90% of African American and European American individuals. 
Edgar (2013) expanded the application of ASUDAS standards for estimating ancestry to 
include Hispanic Americans as well and developed specific breakpoints between the 
levels of character state expression to aid in distinguishing between groups.  
 
Secular change 
The impact of secular change to methods routinely employed by biological 
anthropologists has been explored in several studies over the last two decades. Population 
changes in skull proportions were documented as early as the 1980s by Angel (1982). 
The precise causality of secular change is unknown, although some studies have 
attributed it to changes in nutrition, living conditions, and socioeconomic status (Angel, 
1982; Ross et al., 2011). It has been pointed out by Klales (2016) that the majority of the 
methods employed when building a biological profile were developed from historic 
samples. Therefore, as secular change becomes more clearly documented, the validity of 
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methods based upon historic sample groups may be called into question (Klales, 2016). 
Secular change has been shown to impact the degree of sexual dimorphism, overall 
cranial vault dimensions, and may influence a population’s expressed trait frequencies in 
nonmetric traits (Jantz, 2001; Jantz and Meadows Jantz, 2000; Jantz and Meadows Jantz, 
2016; Klales, 2016; Spradley et al., 2016). Secular change in the mandible has also been 
documented through metric analysis in a study by Martin and Danforth (2009).  
Martin and Danforth (2009) postulated that secular change might be found in the 
morphology of the mandible, corresponding with documented craniometric changes. 
Since the mandible is used in both the assessment of ancestry and sex, previously-
developed methods may be impacted by morphological changes in the mandible. A study 
of secular change was, therefore, necessary to evaluate current methods and keep them up 
to date (Martin and Danforth, 2009). Martin and Danforth (2009) showed that small but 
significant changes have occurred in the mandible with the morphology becoming overall 
more gracile through a decrease in body height and an overall lengthening of the bone. 
Jantz and Meadows Jantz (2000), as well as Jantz (2001), demonstrated secular 
change in craniometric distances for both European-Americans and African-Americans. 
Jantz and Meadows Jantz (2000) utilized available craniofacial measurements of 20th 
century Americans from the Terry Collection, Hamann-Todd Collection, and the Forensic 
Anthropology Databank. This study documented secular change in craniofacial structure 
over the last century and a half, focusing on five craniofacial measurements: glabello-
occipital length, basion-bregma height, maximum cranial breadth, nasion-prosthion 
height, and bizygomatic breadth (Jantz and Meadows Jantz, 2000). Secular change in 
these measurements was assessed using polynomial regression. Overall, Jantz and 
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Meadows Jantz (2000) found that vault shape rather than size has undergone a greater 
relative change. In a second study by Jantz (2001), the same collections and the Forensic 
Anthropology Databank were used to gather data on the magnitude of secular change in 
metric distances. Jantz (2001) found that correlations in basion-bregma length were 
statistically significant, with the strength of association being the highest in White males. 
In this study, 30-50% of cranial variation was found to be explained by an individual’s 
year of birth. Both Jantz and Meadows Jantz (2000) and Jantz (2001) studied individuals 
from the mid-1800s to the late 1900s and found that the cranium has become overall 
narrower and taller, with significant changes in several metric measurements.  
A recent study by Spradley et al. (2016) documented secular change in 
craniometric distances of modern Hispanic migrants in comparison with historic 
migrants. The data indicated that both negative and positive changes have occurred in 
Hispanic cranial dimensions; in other words, the mean of several measurements has 
increased while the mean of others has decreased (Spradley et al., 2016). Spradley et al. 
(2016) also found that males demonstrated a change in more variables than females. 
Studies documenting craniometric changes within specific populations are important to 
the present study since it is likely that secular change has also affected the expression of 
nonmetric cranial traits. 
Klales and Kenyhercz (2015) conducted a validation study of the 11 traits 
published in Hefner (2009), adding five additional traits provided by Hefner (2011) in the 
Osteoware manual. A higher than expected frequency of nasal aperture sloping was 
recorded in the Black sample while a right-angle nasal floor with a superior rise of the 
anterior floor was predominately found in the White sample (Klales and Kenyhercz, 
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2015). These findings were unexpected in comparison to the results of Hefner (2009). 
The traits that differed most significantly from Hefner’s (2009) results were all found to 
be in the nasal region (Klales and Kenyhercz, 2015). Klales and Kenyhercz (2015) 
suggest that it is plausible that the differences documented between the two studies are a 
result of secular change since the sample population of Hefner (2009) is representative of 
modern individuals while the sample population of Klales and Kenyhercz (2015) is 
representative of historic individuals.  
Previous to the above-mentioned studies of the cranium and mandible, Meadows 
and Jantz (1995) and Meadows Jantz and Jantz (1999) analyzed secular change in stature 
as it compares to changes in overall long bone lengths. In Meadows and Jantz’s (1995) 
study, allometric scaling coefficients were obtained from the Terry Collection and World 
War II samples. Regression analyses of long bone lengths were compared to log stature 
(Meadows and Jantz, 1995). The birth years studied spanned from 1840 to 1970 and 
mean bone lengths for femur and tibia were analyzed as they related to birth year 
(Meadows and Jantz, 1995). Meadows and Jantz (1995) found that upper limb bones are 
generally close to isometric with stature while lower limb bones are generally positively 
allometric with stature. The consequence of these findings is that formulae derived from 
historic populations may not be relevant to modern populations and further analyses need 
to be conducted to assess the relevance of methodological practices (Meadows and Jantz, 
1995). 
Meadows Jantz and Jantz (1999) compared secular change in long bone 
proportions and was found that secular change is more pronounced in males and more 
pronounced in the lower limb bones. Factors of secular change within a population 
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include variables such overall socioeconomic status, general nutrition, gross domestic 
product, infant mortality, birth weight and maternal pre-pregnancy weight, and postnatal 
morality (Meadows Jantz and Jantz, 1999). Meadows Jantz and Jantz (1999) concluded 
that secular change is likely established during early childhood, and biological stressors 
following childhood may have little or no effect on the expression of traits, but later 
stressors may be passed on to offspring affecting their trait expression. Bateson et al. 
(2004) drew a similar conclusion from their analysis of developmental plasticity and its 
relation to human health. In human development, intra-uterine growth is affected by the 
mother’s nutritional status, which signals to the fetus what kind of environment they will 
enter (Bateson et al., 2004). These signals can alter phenotypic expression, and, over 
time, a population's trait frequency equilibrium may shift, causing a trend of secular 
change.  
Researchers have explored the variation of nonmetric traits between population 
groups and data from these studies have indicated the occurrence of secular change. 
Specifically, dissertation research conducted by Tallman (2016) focused on nonmetric 
sex and ancestry assessment in Japanese and Thai individuals. Tallman (2016) scored 37 
nonmetric cranial and mandibular traits associated with ancestry. Data compared between 
the historic and modern Japanese samples indicated that secular change is likely 
occurring in nonmetric traits and that a higher rate of change is occurring in males 
(Tallman, 2016). Comparisons between the two populations showed that sex affected the 
expression of 16 nonmetric traits in the Japanese sample, and 19 of the nonmetric traits in 
the Thai sample (Tallman, 2016). In males, the age of an individual was also shown to 
impact the expression of traits; for example, the sciatic notch becomes more constricted 
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with age and the nuchal crest becomes more gracile (Tallman, 2016). Overall, Tallman 
(2016) found that age-at-death affected 17 of the scored traits in the Japanese sample but 
only nine traits in the Thai sample. Variation in trait expression between historic and 
modern males in sexually dimorphic traits could be attributed to environmental factors 
(e.g., nutrition) affecting hormonal signals since maturation occurs during puberty 
(Tallman, 2016). Given these results, factors such as age-at-death and sex may confound 
data indicative of secular change.  
Klales (2016) noted the important fact that many established biological profile 
methods were developed from historic samples. As secular change becomes better 
understood, the validity of these methods may be called into question (Klales, 2016). To 
further investigate this issue, Klales (2016) utilized the Hamann-Todd Skeletal Collection 
and William M. Bass Donated Skeletal Collection to analyze secular change in nonmetric 
traits of the pelvis. Unlike other studies that looked at secular change, Klales (2016) did 
not account for the year of birth or create birth-year cohorts. Instead, the two collections 
were compared as a whole, representative of historic and modern individuals. Traits were 
taken from the revised Phenice (1969) method by Klales et al. (2012) and statistically 
analyzed for secular change (Klales, 2016). Klales (2016) concluded that there has been 
significant secular change in both male and female nonmetric traits of the pelvis but that 
these changes do not appear to affect the validity of the current methods of sex 
estimation. Although the traits studied by Klales (2016) are associated with sex 
estimation, the importance of secular change in nonmetric traits makes her conclusions 
relevant to this project. 
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The analysis of trait expression has begun to be standardized with the application 
of advanced statistical procedures as seen in Hefner (2009) and Hefner and Ousley 
(2014) and the documentation of character states within traits (Hefner, 2007, 2009, 2011; 
Hefner and Linde, 2018). Developing a biological profile is often a crucial aspect of the 
identification process for unknown skeletal remains, and ancestry estimation in itself is 
an immensely important aspect of the biological profile since estimates of sex, and even 
age can be influenced by population affinity (Hefner, 2009; Ross et al., 2011). The 
importance of ancestry to the biological profile warrants the continued exploration of 
nonmetric ancestry estimation and further refinement of the current methods. Many of the 
studies referenced here have documented trends of secular change in the skeleton. The 
cited authors suggest that their findings may be attributed to an increase in living 
standards including socioeconomic improvements, changes in diet and activity levels, and 
the advancement of medicine (Jantz, 2001; Jantz and Meadows Jantz, 2000; Klales, 2016; 
Martin and Danforth, 2009; Meadows and Jantz, 1995; Meadows Jantz and Jantz, 1999). 
These trends in secular change may also be influenced by an individual’s sex and their 
age-at-death (L’Abbé et al., 2011; Tallman, 2016) although the degree of influence may 
vary between populations (Tallman, 2016). 
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CHAPTER 3: SKELETAL SAMPLE AND METHODS 
 
Skeletal sample  
To explore patterns of secular change in the frequency distribution of nonmetric 
traits, 23 nonmetric traits were examined from European American individuals ranging in 
birth year from 1824 to 1987. Data were collected from 501 individuals, 19-96 years of 
age at death, from the Hamann-Todd Skeletal Collection in Cleveland, OH. Individuals 
within the Hamann-Todd Collection were considered to be historic. Modern reference 
data were collected from 512 individuals, 24-97 years of age at death, from the William 
M. Bass Donated Skeletal Collection at the University of Tennessee, Knoxville.  
Additional data for 107 individuals from the Hamann-Todd and William M. Bass 
Skeletal Collections were generously provided by the Macromorphoscopic Databank 
(MaMD) (Hefner, 2018). The total sample size for this study is 1,120 individuals, with 
approximately 20% more males represented than females due to the demographic 
composition of each collection. Age-at-death was documented for each individual for 
statistical comparison. Individuals were divided into birth-year cohorts as follows: 
Hamann-Todd Skeletal Collection: 1824–1849 (Cohort 1), 1850–1874 (Cohort 2), 1875–
1899 (Cohort 3), and 1900–1924 (Cohort 4); William M. Bass Donated Skeletal 
Collection: 1900–1924 (Cohort 4), 1925–1949 (Cohort 5), and 1950–1987 (Cohort 6). 
The number of individuals within each cohort is shown in Table 3-1. 
Table 3-1. Number of individuals in each birth-year cohort. 
 Cohort 1 (1824–1849) 
Cohort 2 
(1850–1874) 
Cohort 3 
(1875–1899) 
Cohort 4 
(1900–1924) 
Cohort 5 
(1925–1949) 
Cohort 6 
(1950–1987) 
Males 72 99 115 82 130 124 
Females 20 85 97 62 134 100 
Total 92 184 212 144 264 224 
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Within the Hamann-Todd Skeletal Collection, each set of skeletal remains is 
tagged with a unique catalog number, used to track the data collected. Demographic 
information associated with each catalog number was referenced for each individual. 
Physical records of skeletal remains including date of donation, autopsy photos, and 
additional demographic data are kept by the collection and were available for reference. 
The Hamann-Todd Collection was created from medical cadavers from the local area, 
many of whom came from a low socioeconomic status (de la Cova, 2011). Over 3,000 
individuals are represented within the Hamann-Todd Collection, the majority of which 
are of European American ancestry.  
The William M. Bass Skeletal Collection was created in 1981; donated skeletal 
remains housed within the Bass Collection are also tagged with a unique catalog number, 
used to track the collection of data and for referencing demographic information for each 
individual. The Bass Collection is comprised of over 1800 individuals, 64% of whom are 
male, and 93% of European American ancestry. The majority of individuals within the 
collection have birth years ranging from 1940 to present, representing a relatively modern 
population.   
 
Macromorphoscopic traits 
Data were collected for 23 macromorphoscopic (i.e., nonmetric) traits from adult 
crania. Data for 17 of the macromorphoscopic traits were collected using the data entry 
program Macromorphoscopics (MMS) v.1.61 and following the definitions of Hefner 
(2009; Hefner and Linde, 2018; Wun, 2014). The MMS software program was first 
developed in 2015 from the previously developed Osteoware program (Osteoware, 2011). 
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The current MMS v.1.61 program is still a beta version; however, it is obtainable from 
the Macromorphoscopic Databank upon request (Hefner, 2018). An additional six traits 
from the mandible were scored following Berg (2008) and supplementary references 
(Angel and Kelly 1990; Hassett 2006).  
 For each set of remains, data for 17 cranial and six mandibular traits were 
collected. Due to damaged or missing bone and bone resorption, data were incomplete for 
some individuals. Definitions provided by the MMS v.1.61 program were followed for all 
17 cranial traits. The MMS program provides a detailed definition of each trait and its 
corresponding character states. Line drawings corresponding with each character state are 
provided as well. When scoring five of the mandibular traits, the definitions provided by 
Berg (2008) were followed. The sixth mandibular trait, mandibular tori, was scored as 
present/absent. The ascending ramus profile, a trait scored by Berg (2008), was not 
scored, since it is better suited as a metric variable. 
Nonmetric traits are represented by either a series of character states that can be 
scored on an ordinal range or as present/absent and scored binarily. Each trait is scored 
either relative to the proportions of the face or on a gradient scale based on the size and 
morphology of the bone. Whenever a trait was unobservable due to damage or missing 
bone, the trait was not scored. The left side was primarily used for scoring; however, if 
the left side was damaged or missing, the trait expression on the right was scored. 
Damage to the bone, pathology, bone resorption, and any other type of anomaly was 
documented for each individual. The 17 traits entered into the MMS v.1.61 program 
could be viewed and edited through the computer program Advantage Data Architect 
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11.10 and subsequently exported to an Excel sheet. Scores for the six mandibular traits 
were entered directly into an Excel sheet.  
 The only tools utilized, in addition to the application of the MMS v.1.61 program, 
were a standard contour gauge and a clear plastic ruler. The contour gauge was used to 
determine the correct morphology of the nasal bone contour (NBC) and the clear plastic 
ruler was used to assist in correctly scoring the malar tubercle (MT) and posterior 
zygomatic tubercle (PZT) following Hefner (2007, 2009) 
 Each cranium and mandible were scored once for primary data collection. At the 
end of the data collection process, approximately 15% of individuals were scored a 
second time for intraobserver error. Catalog numbers were randomly selected through 
Excel for intraobserver error scoring. 
 
Character states 
 The character states of the 23 nonmetric cranial and mandibular traits are defined 
and visually represented in Figures 3-1 through 3-22. Sixteen of the cranial nonmetric 
traits are described in Hefner (2007, 2009) as well as Hefner and Linde (2018). The 
seventeenth cranial trait, palate shape (PS) was studied by Wun (2014) and subsequently 
added to the MMS program and further discussed by Hefner and Linde (2018). The 
mandibular traits were scored primarily following Berg (2008), except in the case of 
mandibular tori which was scored in a binary manner rather than an ordinal progression. 
To help standardize future data collection, line drawings for the mandibular traits were 
created with the assistance of Elizabeth Church. It was not deemed necessary to create a 
line drawing for mandibular tori since this trait was scored as present or absent. 
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Figure 3-1. Character states of the anterior nasal spine (ANS), drawings and definitions 
adapted from MMS 1.61. 
   
1 – Slight. Minimal-to-no 
projection of the anterior nasal 
spine beyond the inferior nasal 
aperture. 
2 – Intermediate. A moderate 
projection of the anterior nasal 
spine beyond the inferior nasal 
aperture. 
3 – Marked. A pronounced 
projection of the anterior nasal 
spine beyond the inferior nasal 
aperture. 
 
Figure 3-2. Character states of the inferior nasal aperture (INA), drawings and definitions 
adapted from MMS 1.61. 
   
1 – An inferior sloping of the 
nasal floor which beings with the 
nasal cavity and terminates on the 
vertical surface of the maxilla, 
producing a smooth transition.  
2 – Sloping of the nasal aperture 
beginning more anteriorly than 
in INA 1, and with more 
angulation at the exit of the nasal 
opening. 
3 – The transition from nasal floor 
to the vertical maxilla is not 
sloping, nor is there an intervening 
projection, or sill. Morphology can 
be a right angle or blunt. 
  
4 – Any superior incline of the 
anterior nasal floor, creating a 
weak (but present) vertical ridge 
of bone that traverses the inferior 
nasal border (partial nasal sill). 
5 – A pronounced ridge (nasal 
sill) obstructing the nasal floor-
to-maxilla transition. 
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Figure 3-3. Character states of the interorbital breadth (IOB), drawings and definitions 
adapted from MMS 1.61. 
  
1 – A narrow IOB. 2 – A medium IOB. 
 
3 – A broad IOB. 
 
Figure 3-4. Character states of the malar tubercle (MT), drawings and definitions adapted 
from MMS 1.61. 
   
0 – No projection of bone. 1 – A trace tubercle below the 
ruler’s edge (about 2mm or less. 
2 – A medium protrusion below 
the ruler’s edge (roughly 2-4 
mm). 
 
3 – A pronounced tubercle 
below the ruler’s edge (roughly 
4 mm or more). 
 
Figure 3-5. Character states of the nasal aperture shape (NAS), drawing and definitions 
adapted from MMS 1.61.  
   
1 – Teardrop. Lateral projection 
intermediate to 2 and 3. 
2 – Bell shaped. Greatest lateral 
projection at the inferior margin. 
3 – Bowed. Greatest lateral 
projection at the midline. 
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Figure 3-6. Character states of the nasal aperture width (NAW), drawings and definitions 
adapted from MMS 1.61. 
   
1 – A narrow NAW. 2 – A medium NAW. 3 – A broad NAW 
 
Figure 3-7. Character states of the nasal bone contour (NBC), drawings and definitions 
adapted from MMS 1.61. 
   
0 – Low and rounded nasal bone 
contour. NBC 1 presents a 
circular shape and lacks steep 
walls.  
1 – An oval contour, with 
elongated, high, and rounded 
lateral walls. 
2 – Steep lateral walls and a 
broad (roughly 7mm or more), 
flat superior surface “plateau,” 
noted on the contour gage as a 
flat cluster of needles in the 
midline. 
  
3 – Steep-sided lateral walls and 
a narrow superior surface 
“plateau”. 
4 – Triangular cross-section, 
lacking a superior surface 
“plateau”. 
 
Figure 3-8. Character states of the nasal bone shape (NBS), drawings and definitions 
adapted from MMS 1.61.  
   
1 – Nasal bones with no nasal 
pinch. The nasal bones may be 
wide or narrow. 
2 – Nasal bones with a superior 
pinch and minimal lateral 
bulging. 
3 – Nasal bones with a superior 
pinch and pronounced lateral 
bulging of the inferior region. 
 
4 – Triangular-shaped nasal 
bones 
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Figure 3-9. Character states of nasal overgrowth (NO), drawings and definitions adapted 
from MMS 1.61. 
  
0 – No overgrowth. 1 – Any projection of the lateral 
border of the nasal bones beyond 
the maxillary border. 
 
Figure 3-10. Character states of the nasofrontal suture (NFS), drawings and definitions 
adapted from MMS 1.61. 
   
1 – Nasofrontal suture is round 
and lacks angles. 
2 – Nasofrontal suture appears 
square. 
3 – Nasofrontal suture appears 
triangular. 
 
4 – Nasofrontal suture is 
irregular, lacking any definitive 
shape. 
 
Figure 3-11. Character states of the orbital shape (OBS), drawings and definitions adapted 
from MMS 1.61. 
   
1 – Rectangular. Orbits with 
horizontal margins longer than 
the vertical margins, but 
otherwise parallel (i.e., 
rectangular). 
2 – Circular. Orbital margin is 
approximately equidistant from 
center on all sides (i.e., circle). 
3 – Rhombic. Medial border 
height is shorter than lateral 
border height (aviator 
sunglasses).  
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Figure 3-12. Character states of the postbregmatic depression (PBD), drawings and 
definitions adapted from MMS 1.61. 
  
0 – No depression present. 1 – A marked depressed area 
posterior to bregma along the 
mid-sagittal plane.  
  
Figure 3-13. Character states of the palate shape (PS), drawings and definitions adapted 
from MMS 1.61.  
   
1 – Elliptical. Smooth, round 
curvature of the anterior portion 
of the palate combines with a 
mid-arch widening relative to 
M3, contributing to the 
appearance of constricted 3rd 
molars. 
2 – Parabolic A. Smooth, 
rounded curvature of the anterior 
portion of the palate, combined 
with an even, gradual flaring of 
the posterior dentition.  
3 – Parabolic B. Also has a 
smooth, rounded curvature of the 
anterior portion of the palate, but 
combined with an even, gradual 
flaring of the posterior dentition. 
The only distinction is the longer 
relative length to breadth ratio in 
Form B. 
 
4 – Hyperbolic. Smooth, slightly 
flattened curvature of the 
anterior portion of the palate, 
combined with a straight, more-
or-less parallel configuration of 
the posterior portions of the 
arch.  
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Figure 3-14. Character states of the posterior zygomatic tubercle (PZT), drawings and 
definitions adapted from MMS 1.61. 
   
0 – No projection of bone. 1 – A weak projection of bone 
(less than 4 mm). 
2 – A moderate projection of 
bone (approximately 4-6 mm). 
 
3 – A marked projection of bone 
(generally > 6 mm). 
 
Figure 3-15. Character states of the supranasal suture (SPS), drawings and definitions 
adapted from MMS 1.61. 
  
0 – Completely obliterated.  1 – Open (unfused). 
 
2 – Closed, but visible. 
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Figure 3-16. Character states of the transverse palatine suture (TPS), drawings and 
definitions adapted from MMS 1.61. 
   
1 – The suture crosses the palate 
perpendicular to the median 
palatine suture, with no 
significant anterior or posterior 
deviations.  
2 – The suture crosses the palate 
perpendicular to the median 
palatine suture, but near this 
juncture a significant anterior 
deviation, or bulging, is present.  
3 – The suture crosses the plate 
but deviates anteriorly and 
posteriorly (i.e., M-shaped) in 
the region of the median palatine 
suture. 
 
4 – The suture crosses the palate 
perpendicular to the median 
palatine suture, but near this 
juncture a posterior deviation, or 
bulging, is present. 
 
Figure 3-17. Character states of the zygomaticomaxillary suture course (ZS), drawings and 
definitions adapted from MMS 1.61.  
   
0 – A suture with no angles and 
greatest lateral projection at the 
inferior margin of the malar.  
1 – A suture with one angle and 
greatest lateral projection near 
the midline. 
2 – A suture with two or more 
angles (presenting a jagged 
and/or S-shaped appearance) 
with variable greatest lateral 
projection. 
 
Figure 3-18. Character states of the ascending ramus shape (ARS). 
  
1 – Pinched. The ascending 
ramus noticeably narrows at the 
midpoint. 
2 – Wide. The ascending ramus 
maintains a relatively uniform 
width.  
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Figure 3-19. Character states of the chin shape (CS). 
   
1 – Rounded/Blunt. Viewed 
from above, the chin has a 
smoothly rounded surface. 
2 – Pointed. The chin comes to a 
distinct point. 
3 – Square. The chin is nearly 
straight across the front. 
 
4 –Bilobate. The chin has a 
distinct central sulcus. 
 
Figure 3-20. Character states of the gonial angle flare (GAF). 
   
1 – Inverted. The gonial process 
slants medially toward the 
midline. 
2 – Absent. The gonial process is 
in line with the ramus. 
3 – Slight. The gonial process 
flares outward slightly, ~1-2mm. 
  
4 – Medium. The gonial process 
flares outwards ~2-4mm. 
5 – Everted. The gonial process 
is greatly flared out, > 4mm. 
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Figure 3-21. Character states of the lower mandibular border (LMB). 
   
1 – Straight. The majority of the 
lower border of the mandible 
can sit flush against a flat 
surface. 
2 – Undulating. There is a 
deviation of the border upward, 
typically in the region of the 2nd-
3rd molars. 
3 – Partial rocker. The mandible 
inclines near and chin and rocks 
forward when gentle pressure is 
applied to the anterior dentition. 
 
4 – Rocker. The mandible is 
sufficiently rounded on the 
bottom, such that pressure on the 
anterior teeth causes it to rock. 
 
Figure 3-22. Character states of the posterior ramus edge inversion (PREI). 
   
0 – Absent. No discernible 
flexure toward the midline is 
present.  
1 – Slight. Small but discernible 
flexure toward the midline is 
visible. 
2 – Medium. A very noticeable 
inward deviation. 
 
3 – Turned. A significant 
deviation is present. Greater than 
double the expression of the 
slight category. 
 
 43 
Statistical analyses 
Three statistical analyses were conducted to assess the degree of variation 
between the six cohorts, including: 1) frequency distributions with chi-square analysis to 
determine whether a change in trait expression occurred; 2) correspondence analysis 
(CA) to visually assess the patterns of association between character states; and 3) ordinal 
regression to analyze whether confounding factors such age-at-death, sex, and year of 
birth effect trait expression. These statistical analyses facilitated the evaluation of secular 
change between the six cohorts. In addition to analyzing changes in trait expression, 
Cohen’s kappa was used to assess intraobserver error. 
All statistical analyses were run using RStudio (version 1.1.453) which is a subset 
of the statistical program R (version 3.5.1). R offers a variety of statistical packages 
which can be installed to run statistical analyses, manipulate data, and graph visual 
representations of data. RStudio is a free and open-source integrated development 
environment (IDE) for R.   
 
Frequency distributions and chi-square analysis 
The frequency distribution of each trait within the six cohorts was analyzed to 
determine the degree of variation in trait expression. Frequency distribution tables were 
generated for each trait, and Pearson's chi-square goodness-of-fit (χ2) was calculated to 
determine if statistically significant (£ 0.01) differences were present between each of the 
cohorts (Field et al., 2014). For all binary traits (ARS, MBT, NO, and PBD), chi-square 
analyses were conducted for the complete data set as well as for males and females 
separately, this aided in determining if a sex bias was present in the frequency of trait 
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expression. Ordinal regression was used to determine the presence of a sex bias in 
ordinally scored traits. However, when subsequent statistical analyses indicated 
substantial change was occurring in ordinal traits, male and female specific frequency 
distribution tables and chi-square analyses were generated. 
 
Correspondence analysis (CA) 
Correspondence analysis factor maps were used to assess associations and 
patterns of variation between character states visually. Correspondence analyses were run 
for 19 of the 23 traits. Correspondence analysis could not be performed on NO, PBD, 
MBT, and ARS due to their binary scoring. The previously generated cross-tabulations 
tables were utilized to calculate correspondence analyses for the remaining traits. The 
frequencies given by these tables represent distances between individual columns and 
rows where the rows represent character states and the columns represent the six cohorts 
(Yelland, 2010).   
Each correspondence analysis generates a biplot or factor map which consists of 
two dimensions, shown as Dim 1 and Dim 2 on the factor map (Yelland, 2010). Each 
dimension represents the percentage of variance or inertia between the data (Yelland, 
2010); in this case, between the character states and the six cohorts. Cohorts that tend to 
cluster together on the CA factor map represent groups with a greater amount of shared 
similarity. Cohorts that are further away from each other on the CA factor map represent 
groups with less similarity.    
By creating correspondence analysis factor maps the relationship between each 
cohort and their most frequently expressed character state could be visually assessed.; 
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this method of analysis allowed for some degree of interpretation as to the presence of 
secular change within European Americans. Male and female specific CA factor maps 
were generated for traits displaying a significant degree of change between the six 
cohorts and when the variation in frequency distribution was statistically significant 
between the sexes.   
To interpret CA factor maps, the dispersal of groups (Cohorts 1-6) are analyzed in 
relation to one another in addition to their respective distances from specific character 
states. On each factor map, the cohorts are designated by C1-C6 while character states are 
designated by their respective ordinal score. The two dimensions (Dim 1 and Dim 2), or 
axes, depict the degree of variance between each birth-year cohort in relation to trait 
morphology. Each character state and each cohort contribute to Dim 1 and Dim 2 through 
their degree of variance. Groups clustering close together represent similar levels of trait 
expression, while groups arranged further apart from one another represent a change in 
the frequency of expressed character states. For example, the distance between Cohort 
"X" and character state "Y" is dependent upon the frequency of character state "Y" within 
Cohort "X" as well as the frequencies of the remaining character states within Cohort 
"X". If a character state of 3 is present in the majority of the population then Cohort "X" 
will be pulled toward character state 3 on the CA factor map; however, if a character state 
of 2 and a character state of 3 are equally represented, then Cohort "X" will fall 
somewhere between the two character states on the CA factor map. Further, if the most 
commonly expressed character state exhibits negligible change between the cohorts, but a 
shift in expression occurs in the expression of secondary and/or tertiary character states, 
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then each cohort will be dispersed around the most frequently expressed character state 
relative to each cohort's respective level of secondary/tertiary trait expression.   
 
Ordinal regression 
 Ordinal regression analyses were run for all ordinal nonmetric traits using a probit 
or ordered logistic model in R. An important assumption underlying probit regression is 
that the relationship between each outcome is equal (Agresti, 2012). Probit regression 
assumes that the coefficients describing the relationship between the baseline category 
and the following category are the same as the relationships between all subsequent pairs 
(Agresti, 2012). For the present research, Cohort 1 (birth years 1824–1849) acted as the 
baseline for all probit models in order to establish the level of change occurring between 
each of the subsequent cohorts in relation to Cohort 1. Three models were generated for 
each ordinal trait, with the first model representing each cohort as it correlates with 
Cohort 1, the second model accounting for the relationship between each cohort to 
Cohort 1 plus age-at-death, and the third model accounting for the relationship between 
each cohort to Cohort 1 plus age-at-death and sex. The purpose of these three models was 
to assess overall variation between the six cohorts and whether age-at-death or sex 
produces a bias. When a sex bias was suggested based on the coefficient for males in 
relation to females, male and female specific frequency distribution tables were 
generated. 
 
Intraobserver error 
Intraobserver was calculated for all traits with Cohen’s kappa analysis (Cohen 
1960, 1968). A Cohen's kappa analysis produces a kappa value ranging from -1 to +1, 
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indicating the level of agreement beyond chance (Field et al., 2014). Kappa significance 
values, listed in Table 3-2, were taken from Landis and Koch (1977). A total of 153 
individuals, approximately 15% of the individuals scored by the PI, were scored on a 
second occasion, providing data for the level of agreement for intra-rater trait assessment.  
Table 3-2. Kappa values and significance (Landis and Koch, 1977). 
Kappa value Agreement 
< 0.00 Poor 
0.00 – 0.20 Slight 
0.21 – 0.40 Fair 
0.41 – 0.60 Moderate 
0.61 – 0.80 Substantial 
0.81 – 1.00 Almost perfect 
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CHAPTER 4: RESULTS 
This chapter presents the results of statistical analyses conducted on cranial and 
mandibular nonmetric data gathered from European Americans born between 1824 and 
1987. The entire sample consists of 1,120 individuals; however, not all traits were scored 
on each individual due to broken or missing bone. For example, in the case of PS, many 
individuals were edentulous with advanced alveolar resorption resulting in this trait not 
being scored in many cases.  
Data analyses presented in this chapter indicate that secular change occurred in 11 
of the 23 traits between the late 1800s and mid-1900s. These traits include: ANS, MT, 
NBC, PBD, SPS, TPS, ZS, ARS, GAF, MDT, and PREI. Change in trait expression 
occurred in both males and females in seven of the traits, including: ANS, MT, TPS, ZS, 
GAF, MDT, and PREI. Character state expression of NBC and PBD changed only in 
females and expression of SPS and ARS changed only in males. Statistical analyses 
presented include frequency distributions with chi-square analysis, correspondence 
analysis, ordinal regression, and Cohen's kappa for intraobserver error analysis. 
 
Frequency distributions 
 Frequency distributions were calculated by cross-tabulation for the character 
states of each trait within each of the six cohorts. The frequency distributions demonstrate 
the percentage and range of variation between the cohorts (Field et al., 2014). Chi-square 
values were generated from the cross-tabulation tables in order to make an initial 
evaluation of the presence of change between cohorts.  
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Chi-square significance (£ 0.01) was represented in 19 of the 23 traits, including: 
ANS, INA, IOB, MT, NAS, NAW, NBC, NBS, OBS, PBD, PS, SPS, TPS, ZS, ARS, 
GAF, LMB, MDT, and PREI. The four traits that did not express a significant p-value 
included: NFS, NO, PZT, and CS. Although significant p-values are represented in 19 
traits, further analyses, including correspondence analysis and ordinal regression, 
indicated that trait expression meaningfully changed in only 11 of the 19 traits, including: 
ANS, MT, NBC, PBD, SPS, TPS, ZS, ARS, GAF MDT, and PREI.  
In the case of the four binary scored traits (NO, PBD, ARS, and MDT), additional 
chi-square analyses were necessary to determine the level of variation between males and 
females. Based on sex-specific frequency distributions, sex is a factor in the change of 
expression for PBD and ARS. The overall change in expression of PBD was not 
significant; however, PBD does shift substantially in females towards a score of 0 
(absent) while remaining constant in males. The distribution of ARS shifts significantly 
from a score of 1 (pinched) to a score of 2 (wide) between Cohorts 3 and 4 in males; 
females display a slow, but not statistically significant, shift between all cohorts. A 
significant change in the expression of MDT is also present but is not influenced by sex. 
No change in expression occurred in NO regardless of sex. 
Additional male and female specific frequency tables and chi-square analyses for 
ordinal traits were generated for ANS, MT, NBC, SPS, ZS, GAF, and PREI. Change in 
ANS occurs in males between Cohorts 2 and 3 and females between Cohorts 3 and 4. 
Change in MT for both males and females occurs primarily between Cohorts 4 and 5. 
Males display no significant change in NBC while trait expression in females shifts 
between Cohorts 3, 4, and 5. The expression of SPS in males changes between Cohorts 4 
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and 5; however, there is no change in expression for females. Change in trait expression 
of ZS appears between Cohorts 4 and 5 in both males and females. Both males and 
females experience a shift in GAF between Cohorts 4 and 5. A gradual but significant 
shift occurs between all six cohorts for PREI in both males and females. The distribution 
of character states across the six cohorts and their chi-square values are presented in 
Tables 4-1 to 4-23b, p-values £ 0.01 are highlighted in red. 
Table 4-1. ANS frequencies by cohort for males and females. 
 Cohort 1 Cohort 2 Cohort 3 Cohort 4 Cohort 5 Cohort 6 
Score n % n % n % n % n % n % 
1 28 31.1 63 34.2 41 19.4 7 4.9 14 5.7 15 6.9 
2 38 42.2 83 45.1 116 55.0 69 48.6 103 42.0 90 41.5 
3 24 26.7 38 20.7 54 25.6 66 46.5 128 52.3 112 51.6 
χ2 = 151.4449     df = 10     p = 1.879672e-27   
 
Table 4-1a. ANS frequencies by cohort for males. 
 Cohort 1 Cohort 2 Cohort 3 Cohort 4 Cohort 5 Cohort 6 
Score n % n % n % n % n % n % 
1 19 27.1 26 26.3 11 9.6 1 1.2 5 4.1 5 4.2 
2 27 38.6 49 49.5 67 58.8 34 42.0 52 42.6 43 36.1 
3 24 34.3 24 24.2 36 31.6 46 56.8 65 53.3 71 59.7 
χ2 = 89.30159     df = 10     p = 7.366704e-15   
 
Table 4-1b. ANS frequencies by cohort for females. 
 Cohort 1 Cohort 2 Cohort 3 Cohort 4 Cohort 5 Cohort 6 
Score n % n % n % n % n % n % 
1 9 45.0 37 43.5 30 30.9 6 9.8 9 7.3 10 10.2 
2 11 55.0 34 40.0 49 50.5 35 57.4 51 41.5 47 48.0 
3 0 0.0 14 16.5 18 18.6 20 32.8 63 51.2 41 41.8 
χ2 = 89.7591     df = 10     p = 5.978568e-15   
 
  
 51 
Table 4-2. INA frequencies by cohort for males and females. 
 Cohort 1 Cohort 2 Cohort 3 Cohort 4 Cohort 5 Cohort 6 
Score n % n % n % n % n % n % 
2 1 1.1 7 3.8 8 3.8 0 0.0 3 1.1 0 0.0 
3 54 58.7 103 56.3 128 60.7 78 54.5 133 50.6 125 56.6 
4 19 20.6 55 30.1 55 26.1 39 27.3 81 30.8 52 23.5 
5 18 19.6 18 9.8 20 9.4 26 18.2 46 17.5 44 19.9 
χ2 = 37.79997     df = 15     p = 0.0009657663   
*No individuals scored as 1. 
 
Table 4-3. IOB frequencies by cohort for males and females. 
 Cohort 1 Cohort 2 Cohort 3 Cohort 4 Cohort 5 Cohort 6 
Score n % n % n % n % n % n % 
1 25 27.2 51 27.9 47 22.3 20 14.0 91 34.5 72 32.1 
2 65 70.6 132 72.1 162 76.8 120 83.9 167 63.2 151 67.4 
3 2 2.2 0 0.0 2 0.9 3 2.1 6 2.3 1 0.5 
χ2 = 32.29479     df = 10     p = 0.0003575592   
 
Table 4-4. MT frequencies by cohort for males and females.  
 Cohort 1 Cohort 2 Cohort 3 Cohort 4 Cohort 5 Cohort 6 
Score n % n % n % n % n % n % 
0 14 15.2 43 23.4 43 20.4 41 28.5 140 53.0 96 42.9 
1 55 59.8 113 61.4 132 62.6 90 62.5 109 41.3 108 48.2 
2 20 21.7 27 14.7 34 16.1 12 8.3 15 5.7 19 8.5 
3 3 3.3 1 0.5 2 0.9 1 0.7 0 0.0 1 0.4 
χ2 = 114.4281     df = 15     p = 2.265732e-17 
 
Table 4-4a. MT frequencies by cohort for males. 
 Cohort 1 Cohort 2 Cohort 3 Cohort 4 Cohort 5 Cohort 6 
Score n % n % n % n % n % n % 
0 7 9.7 17 17.2 18 15.8 13 15.9 56 43.1 45 36.3 
1 45 62.5 63 63.6 70 61.4 58 70.7 63 48.5 62 50.0 
2 17 23.6 18 18.2 24 21.1 10 12.2 11 8.4 16 12.9 
3 3 4.2 1 1.0 2 1.8 1 1.2 0 0.0 1 0.8 
χ2 = 63.4557     df = 15     p = 6.361018e-8   
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Table 4-4b. MT frequencies by cohort for females. 
 Cohort 1 Cohort 2 Cohort 3 Cohort 4 Cohort 5 Cohort 6 
Score n % n % n % n % n % n % 
0 7 35.0 26 30.6 25 25.8 28 45.2 84 62.7 51 51.0 
1 10 50.0 50 58.8 62 63.9 32 51.6 46 34.3 46 46.0 
2 3 15.0 9 10.6 10 10.3 2 3.2 4 3.0 3 3.0 
χ2 = 47.34768     df = 10     p = 8.162374e-7   
*No individuals scored a 3 
 
Table 4-5. NAS frequencies by cohort for males and females. 
 Cohort 1 Cohort 2 Cohort 3 Cohort 4 Cohort 5 Cohort 6 
Score n % n % n % n % n % n % 
1 89 96.7 159 89.3 179 90.4 130 91.5 210 87.1 209 95.4 
2 3 3.3 15 8.4 18 9.1 12 8.5 30 12.5 9 4.1 
3 0 0.0 4 2.3 1 0.5 0 0.0 1 0.4 1 0.5 
χ2 = 22.9295     df = 10     p = 0.01100981 
 
Table 4-6. NAW frequencies by cohort for males and females. 
 Cohort 1 Cohort 2 Cohort 3 Cohort 4 Cohort 5 Cohort 6 
Score n % n % n % n % n % n % 
1 73 79.3 140 76.1 150 71.1 85 59.4 192 72.7 175 78.1 
2 19 20.7 44 23.9 60 28.4 58 40.6 72 27.3 49 21.9 
3 0 0.0 0 0.0 1 0.5 0 0.0 0 0.0 0 0.0 
χ2 = 23.66906     df = 10     p = 0.008528966   
 
Table 4-7. NBC frequencies by cohort for males and females. 
 Cohort 1 Cohort 2 Cohort 3 Cohort 4 Cohort 5 Cohort 6 
Score n % n % n % n % n % n % 
0 6 6.8 19 10.8 19 9.5 2 1.4 8 3.1 3 1.4 
1 58 65.9 107 60.8 117 58.5 87 62.6 145 55.3 130 58.8 
2 3 3.4 11 6.2 15 7.5 19 13.7 22 8.4 18 8.1 
3 13 14.8 23 13.1 33 16.5 18 13.0 63 24.0 48 21.7 
4 8 9.1 16 9.1 16 8.0 13 9.3 24 9.2 22 10.0 
χ2 = 52.89575     df = 20     p = 8.419131e-5   
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Table 4-7a. NBC frequencies by cohort for males. 
 Cohort 1 Cohort 2 Cohort 3 Cohort 4 Cohort 5 Cohort 6 
Score n % n % n % n % n % n % 
0 3 4.3 4 4.2 7 6.3 1 1.3 3 2.3 1 0.8 
1 46 66.7 63 65.6 61 55.0 48 60.8 75 58.1 70 57.4 
2 3 4.3 7 7.3 11 9.9 17 21.5 14 10.9 12 9.9 
3 11 15.9 16 16.7 26 23.4 13 16.4 30 23.3 32 26.2 
4 6 8.7 6 6.2 6 5.4 0 0.0 7 5.4 7 5.7 
χ2 = 32.32906     df = 20     p = 0.03991577   
 
Table 4-7b. NBC frequencies by cohort for females. 
 Cohort 1 Cohort 2 Cohort 3 Cohort 4 Cohort 5 Cohort 6 
Score n % n % n % n % n % n % 
0 3 15.8 15 18.8 12 13.5 1 1.7 5 3.8 2 2.0 
1 12 63.2 44 55.0 56 62.9 39 65.0 70 52.6 60 60.6 
2 0 0.0 4 5.0 4 4.5 2 3.3 8 6.0 6 6.1 
3 2 10.5 7 8.7 7 7.9 5 8.3 33 24.8 16 16.2 
4 2 10.5 10 12.5 10 11.2 13 21.7 17 12.8 15 15.1 
χ2 = 50.38891     df = 20     p = 0.000194785   
 
Table 4-8. NBS frequencies by cohort for males and females. 
 Cohort 1 Cohort 2 Cohort 3 Cohort 4 Cohort 5 Cohort 6 
Score n % n % n % n % n % n % 
1 0 0.0 3 1.7 5 2.7 2 1.5 13 4.9 4 1.8 
2 61 69.3 135 79.0 137 72.9 117 87.3 203 77.5 177 80.1 
3 26 29.6 33 19.3 44 23.4 15 11.2 44 16.8 36 16.3 
4 1 1.1 0 0.0 2 1.1 0 0.0 2 0.8 4 1.8 
χ2 = 31.19696     df = 15     p = 0.008266758   
 
Table 4-9. NFS frequencies by cohort for males and females. 
 Cohort 1 Cohort 2 Cohort 3 Cohort 4 Cohort 5 Cohort 6 
Score n % n % n % n % n % n % 
1 68 75.6 132 75.8 139 70.9 109 76.8 176 73.0 147 67.1 
2 12 13.3 29 16.7 38 19.4 22 15.5 40 16.6 48 21.9 
3 3 3.3 4 2.3 7 3.6 5 3.5 12 5.0 9 4.1 
4 7 7.8 9 5.2 12 6.1 6 4.2 13 5.4 15 6.9 
χ2 =9.737174     df = 15     p = 0.8359386   
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Table 4-10. NO frequencies by cohort for males and females. 
 Cohort 1 Cohort 2 Cohort 3 Cohort 4 Cohort 5 Cohort 6 
Score n % n % n % n % n % n % 
0 50 59.5 86 53.8 84 46.2 54 44.3 126 50.0 104 47.7 
1 34 40.5 74 46.2 98 53.8 68 55.7 126 50.0 114 52.3 
χ2 = 6.992258     df = 5     p = 0.2212167   
 
Table 4-10a. NO frequencies by cohort for males. 
 Cohort 1 Cohort 2 Cohort 3 Cohort 4 Cohort 5 Cohort 6 
Score n % n % n % n % n % n % 
0 37 56.9 50 56.2 46 45.1 32 45.1 58 46.0 59 48.8 
1 28 43.1 39 43.8 56 54.9 39 54.9 68 54.0 62 51.2 
χ2 = 4.971561     df = 5     p = 0.4193608   
 
Table 4-10b. NO frequencies by cohort for females. 
 Cohort 1 Cohort 2 Cohort 3 Cohort 4 Cohort 5 Cohort 6 
Score n % n % n % n % n % n % 
0 13 68.4 36 50.7 38 47.5 22 43.1 68 54.0 45 46.4 
1 6 31.6 35 49.3 42 52.5 29 56.9 58 46.0 52 53.6 
χ2 = 5.052622     df = 5     p = 0.409492   
 
Table 4-11. OBS frequencies by cohort for males and females. 
 Cohort 1 Cohort 2 Cohort 3 Cohort 4 Cohort 5 Cohort 6 
Score n % n % n % n % n % n % 
1 33 35.9 64 36.2 68 34.4 37 25.7 93 35.2 71 31.7 
2 3 3.2 5 2.8 5 2.5 4 2.8 30 11.4 7 3.1 
3 56 60.9 108 61.0 125 63.1 103 71.5 141 53.4 146 65.2 
χ2 = 38.89476     df = 10     p = 2.648871e-5   
 
Table 4-12. PBD frequencies by cohort for males and females. 
 Cohort 1 Cohort 2 Cohort 3 Cohort 4 Cohort 5 Cohort 6 
Score n % n % n % n % n % n % 
0 63 72.4 141 77.5 144 68.6 108 75.0 189 78.4 183 83.6 
1 24 27.6 41 22.5 66 31.4 36 25.0 52 21.6 36 16.4 
χ2 = 14.97627     df = 5     p = 0.0104642   
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Table 4-12a. PBD frequencies by cohort for males. 
 Cohort 1 Cohort 2 Cohort 3 Cohort 4 Cohort 5 Cohort 6 
Score n % n % n % n % n % n % 
0 52 77.6 76 78.4 82 71.9 69 84.1 99 86.1 102 84.3 
1 15 22.4 21 21.6 32 28.1 13 15.9 16 13.9 19 15.7 
χ2 = 10.08238     df = 5     p = 0.07293454   
 
Table 4-12b. PBD frequencies by cohort for females. 
 Cohort 1 Cohort 2 Cohort 3 Cohort 4 Cohort 5 Cohort 6 
Score n % n % n % n % n % n % 
0 11 55.0 65 76.5 62 64.6 39 62.9 90 71.4 81 82.7 
1 9 45.0 20 23.5 34 35.4 23 37.1 36 28.6 17 17.3 
χ2 = 14.17459     df = 5     p = 0.01453763   
 
Table 4-13. PS frequencies by cohort for males and females. 
 Cohort 1 Cohort 2 Cohort 3 Cohort 4 Cohort 5 Cohort 6 
Score n % n % n % n % n % n % 
1 1 5.9 1 1.7 0 0.0 0 0.0 10 10.1 2 1.5 
2 11 64.7 35 59.3 65 56.5 39 61.9 50 50.5 89 69.0 
3 5 29.4 23 39.0 50 43.5 24 38.1 35 35.4 38 29.5 
4 0 0.0 0 0.0 0 0.0 0 0.0 4 4.0 0 0.0 
χ2 = 47.20817     df = 15     p = 3.409674e-5   
 
Table 4-14. PZT frequencies by cohort for males and females. 
 Cohort 1 Cohort 2 Cohort 3 Cohort 4 Cohort 5 Cohort 6 
Score n % n % n % n % n % n % 
0 6 6.5 17 9.2 9 4.2 11 7.7 21 8.7 9 4.1 
1 72 78.3 147 79.9 181 85.4 122 84.7 192 79.7 192 87.3 
2 12 13.0 20 10.9 22 10.4 10 6.9 26 10.8 15 6.8 
3 2 2.2 0 0.0 0 0.0 1 0.7 2 0.8 4 1.8 
χ2 = 21.78637     df = 15     p = 0.1135292   
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Table 4-15. SPS frequencies by cohort for males and females. 
 Cohort 1 Cohort 2 Cohort 3 Cohort 4 Cohort 5 Cohort 6 
Score n % n % n % n % n % n % 
0 18 19.6 53 28.8 50 23.7 33 23.1 41 17 40 18.2 
1 10 10.9 13 7.1 19 9.0 9 6.3 40 16.6 44 20.0 
2 64 69.5 118 64.1 142 67.3 101 70.6 160 66.4 136 61.8 
χ2 = 34.49165     df = 10     p = 0.0001524155   
 
Table 4-15a. SPS frequencies by cohort for males. 
 Cohort 1 Cohort 2 Cohort 3 Cohort 4 Cohort 5 Cohort 6 
Score n % n % n % n % n % n % 
0 9 12.5 11 11.1 15 13.0 7 8.5 8 7.0 7 5.8 
1 10 13.9 9 9.1 12 10.4 8 9.8 28 24.3 33 27.3 
2 53 73.6 79 79.8 88 76.5 67 81.7 79 68.7 81 66.9 
χ2 = 28.7298     df = 10     p = 0.001377882   
 
Table 4-15b. SPS frequencies by cohort for females. 
 Cohort 1 Cohort 2 Cohort 3 Cohort 4 Cohort 5 Cohort 6 
Score n % n % n % n % n % n % 
0 9 45.0 42 49.4 35 36.5 26 42.6 33 26.2 33 33.3 
1 0 0.0 4 4.7 7 7.3 1 1.6 12 9.5 11 11.1 
2 11 55.0 39 45.9 54 56.2 34 55.7 81 64.3 55 55.6 
χ2 = 19.778     df = 10     p = 0.03142378   
 
Table 4-16. TPS frequencies by cohort for males and females. 
 Cohort 1 Cohort 2 Cohort 3 Cohort 4 Cohort 5 Cohort 6 
Score n % n % n % n % n % n % 
1 47 58.0 87 52.1 107 56.9 58 41.4 81 32.1 69 31.4 
2 25 30.9 56 33.5 63 33.5 54 38.6 97 38.5 91 41.4 
3 4 4.9 19 11.4 13 6.9 17 12.1 64 25.4 51 23.2 
4 5 6.2 5 3.0 5 2.7 11 7.9 10 4.0 9 4.0 
χ2 = 80.98272     df = 15     p = 5.944777e-11 
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Table 4-17. ZS frequencies by cohort for males and females. 
 Cohort 1 Cohort 2 Cohort 3 Cohort 4 Cohort 5 Cohort 6 
Score n % n % n % n % n % n % 
0 47 52.8 95 52.5 132 62.6 60 42.2 36 15.3 45 20.6 
1 41 46.1 78 43.1 76 36.0 67 47.2 123 52.1 102 46.8 
2 1 1.1 8 4.4 3 1.4 15 10.6 77 32.6 71 32.6 
χ2 = 238.3228     df = 10     p = 1.541297e-45   
 
Table 4-17a. ZS frequencies by cohort for males. 
 Cohort 1 Cohort 2 Cohort 3 Cohort 4 Cohort 5 Cohort 6 
Score n % n % n % n % n % n % 
0 32 45.7 45 46.4 60 52.6 27 33.8 12 10.8 16 13.3 
1 37 52.9 45 46.4 51 44.8 43 53.7 64 57.7 70 58.4 
2 1 1.4 7 7.2 3 2.6 10 12.5 35 31.5 34 28.3 
χ2 = 115.0035     df = 10     p = 5.206463e-20   
 
Table 4-17b. ZS frequencies by cohort for females. 
 Cohort 1 Cohort 2 Cohort 3 Cohort 4 Cohort 5 Cohort 6 
Score n % n % n % n % n % n % 
0 15 78.9 50 59.5 72 74.2 33 53.2 24 19.2 29 29.6 
1 4 21.1 33 39.3 25 25.8 24 38.7 59 47.2 32 32.6 
2 0 0.0 1 1.2 0 0.0 5 8.1 42 33.6 37 37.8 
χ2 = 137.0829     df = 10     p = 1.667804e-24   
 
Table 4-18. ARS frequencies by cohort for males and females. 
 Cohort 1 Cohort 2 Cohort 3 Cohort 4 Cohort 5 Cohort 6 
Score n % n % n % n % n % n % 
1 37 87.6 153 87.4 169 85.8 101 71.1 148 74.4 135 68.2 
2 11 12.4 22 12.6 28 14.2 41 28.9 51 25.6 63 31.8 
χ2 = 37.8094     df = 5     p = 4.12093e-7 
 
Table 4-18a. ARS frequencies by cohort for males. 
 Cohort 1 Cohort 2 Cohort 3 Cohort 4 Cohort 5 Cohort 6 
Score n % n % n % n % n % n % 
1 60 87.0 81 88.0 92 92.0 56 70.0 73 73.7 68 66.0 
2 9 13.0 11 12.0 8 8.0 24 30.0 26 26.3 35 34.0 
χ2 = 33.58671     df = 5     p = 2.877357e-6   
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Table 4-18b. ARS frequencies by cohort for females. 
 Cohort 1 Cohort 2 Cohort 3 Cohort 4 Cohort 5 Cohort 6 
Score n % n % n % n % n % n % 
1 18 90.0 72 86.7 77 79.4 45 72.6 75 75.0 67 70.5 
2 2 10.0 11 13.3 20 20.6 17 27.4 25 25.0 28 29.5 
χ2 = 9.915055     df = 5     p = 0.07767854   
 
Table 4-19. CS frequencies by cohort for males and females.  
 Cohort 1 Cohort 2 Cohort 3 Cohort 4 Cohort 5 Cohort 6 
Score n % n % n % n % n % n % 
1 37 41.6 63 36.0 64 32.5 47 33.1 68 34.2 66 33.3 
2 2 2.2 17 9.7 15 7.6 5 3.5 16 8.0 8 4.0 
3 35 39.3 69 39.4 87 44.2 69 48.6 89 44.7 78 39.5 
4 15 16.9 26 14.9 31 15.7 21 14.8 26 13.1 46 23.2 
χ2 = 22.30458     df = 15     p = 0.1000627   
 
Table 4-20. GAF frequencies by cohort for males and females. 
 Cohort 1 Cohort 2 Cohort 3 Cohort 4 Cohort 5 Cohort 6 
Score n % n % n % n % n % n % 
1 2 2.3 9 5.1 3 1.5 8 5.6 18 9.0 15 7.6 
2 8 9.0 8 4.6 18 9.1 25 17.6 55 27.6 56 28.3 
3 18 20.2 66 37.7 73 37.1 39 27.5 83 41.7 81 40.9 
4 43 48.3 64 36.6 66 33.5 58 40.8 32 16.1 41 20.7 
5 18 20.2 28 16.0 37 18.8 12 8.5 11 5.6 5 2.5 
χ2 = 157.7737     df = 20     p = 2.018335e-23   
 
Table 4-20a. GAF frequencies by cohort for males. 
 Cohort 1 Cohort 2 Cohort 3 Cohort 4 Cohort 5 Cohort 6 
Score n % n % n % n % n % n % 
1 2 2.9 4 4.3 0 0.0 3 3.7 1 1.0 4 3.9 
2 4 5.8 0 0.0 6 6.0 11 13.8 21 21.2 18 17.5 
3 15 21.7 25 27.2 29 29.0 21 26.3 44 44.4 50 48.5 
4 31 44.9 40 43.5 37 37.0 36 45.0 26 26.3 27 26.2 
5 17 24.6 23 25.0 28 28.0 9 11.2 7 7.1 4 3.9 
χ2 = 91.69974     df = 20     p = 3.733725e-11   
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Table 4-20b. GAF frequencies by cohort for females. 
 Cohort 1 Cohort 2 Cohort 3 Cohort 4 Cohort 5 Cohort 6 
Score n % n % n % n % n % n % 
1 0 0.0 5 6.0 3 3.1 5 8.1 17 17.0 11 11.6 
2 4 20.0 8 9.6 12 12.4 14 22.6 34 34.0 38 40.0 
3 3 15.0 41 49.4 44 45.4 18 29.0 39 39.0 31 32.6 
4 12 60.0 24 28.9 29 29.9 22 35.5 6 6.0 14 14.7 
5 1 5.0 5 6.0 9 9.3 3 4.8 4 4.0 1 1.1 
χ2 = 91.16742     df = 20     p = 4.629777e-11   
 
Table 4-21. LMB frequencies by cohort for males and females. 
 Cohort 1 Cohort 2 Cohort 3 Cohort 4 Cohort 5 Cohort 6 
Score n % n % n % n % n % n % 
1 15 16.9 8 4.6 15 7.6 15 10.6 37 18.6 28 14.1 
2 28 31.4 55 31.4 62 31.5 46 32.4 68 34.2 78 39.4 
3 46 51.7 111 63.4 120 60.9 80 56.3 94 47.2 92 46.5 
4 0 0.0 1 0.6 0 0.0 1 0.7 0 0.0 0 0.0 
χ2 = 37.1058     df = 15     p = 0.00122125   
 
Table 4-22. MDT frequencies by cohort for males and females. 
 Cohort 1 Cohort 2 Cohort 3 Cohort 4 Cohort 5 Cohort 6 
Score n % n % n % n % n % n % 
0 85 95.5 168 96.0 186 94.4 120 84.5 167 83.9 141 71.2 
1 4 4.5 7 4.0 11 5.6 22 15.5 32 16.1 57 28.8 
χ2 = 72.39777     df = 5     p = 3.24564e-14   
 
Table 4-22a. MDT frequencies by cohort for males. 
 Cohort 1 Cohort 2 Cohort 3 Cohort 4 Cohort 5 Cohort 6 
Score n % n % n % n % n % n % 
0 65 94.2 87 94.6 92 92.0 69 86.2 81 81.8 66 64.1 
1 4 5.8 5 5.4 8 8.0 11 13.8 18 18.2 37 35.9 
χ2 = 50.45322     df = 5     p = 1.119266e-9   
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Table 4-22b. MDT frequencies by cohort for females. 
 Cohort 1 Cohort 2 Cohort 3 Cohort 4 Cohort 5 Cohort 6 
Score n % n % n % n % n % n % 
0 20 100.0 81 97.6 94 96.9 51 82.3 86 86.0 75 78.9 
1 0 0.0 2 2.4 2 3.1 11 17.7 14 14.0 20 21.1 
χ2 = 28.66061     df = 5     p = 2.702691e-5   
 
Table 4-23. PREI frequencies by cohort for males and females. 
 Cohort 1 Cohort 2 Cohort 3 Cohort 4 Cohort 5 Cohort 6 
Score n % n % n % n % n % n % 
0 7 7.9 19 10.9 22 11.2 26 18.3 31 15.6 32 16.2 
1 33 37.1 76 43.4 98 49.7 66 46.5 109 54.8 114 57.6 
2 36 40.4 70 40.0 64 32.5 47 33.1 51 25.6 42 21.2 
3 13 14.6 10 5.7 13 6.6 3 2.1 8 4.0 10 5.0 
χ2 = 48.26065     df = 15     p = 2.308235e-5   
 
Table 4-23a. PREI frequencies by cohort for males. 
 Cohort 1 Cohort 2 Cohort 3 Cohort 4 Cohort 5 Cohort 6 
Score n % n % n % n % n % n % 
0 7 10.1 11 12.0 18 18.0 13 16.3 22 22.2 22 21.4 
1 26 37.7 42 45.6 57 57.0 38 47.5 54 54.6 60 58.3 
2 26 37.7 34 37.0 23 23.0 26 32.5 22 22.2 19 18.4 
3 10 14.5 5 5.4 2 2.0 3 3.7 1 1.0 2 1.9 
χ2 = 44.63947     df = 15     p = 8.727392e-5   
 
Table 4-23b. PREI frequencies by cohort for females. 
 Cohort 1 Cohort 2 Cohort 3 Cohort 4 Cohort 5 Cohort 6 
Score n % n % n % n % n % n % 
0 0 0.0 8 9.6 4 4.1 13 21.0 9 9.0 10 10.6 
1 7 35.0 34 41.0 41 42.3 28 45.1 55 44.0 54 56.8 
2 10 50.0 36 43.4 41 42.3 21 33.9 29 29.0 23 24.2 
3 3 15.0 5 6.0 11 11.3 0 0.0 7 7.0 8 8.4 
χ2 = 35.40894     df = 15     p = 0.002149706   
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Correspondence analysis (CA) 
Two-dimensional graphical representations of the distribution of trait expression 
across the six cohorts were created through CA to assess the relationships between 
character states for each cohort visually. Correspondence analyses generate factor maps 
based on the frequency distribution of each trait's character states (Yelland, 2010). CA 
factor maps allow for the interpretation of data by plotting the value of rows and columns 
and displaying the relationship of one to the other (Yelland, 2010). CA factor maps were 
generated for all ordinal traits. 
When a significant change in trait expression occurs between the six cohorts, this 
change is illustrated on the CA factor map. In cases where no change is present, the 
cohorts appear grouped around one or more character states depending on the distribution 
of that trait's expression. Ordinal regression indicates a possible sex bias in ANS, NBC, 
SPS, and PREI, and therefore, sex-specific CA factor maps were generated for those four 
traits. The sex-specific CA factor maps illustrate the variation in the rate of change 
between males and females. Several traits with significant p-values in cross-tabulation 
did not exhibit a meaningful level of change on the CA factor map. All correspondence 
analysis factor maps are presented in Figures 4-1 through 4-19. 
 When interpreting a CA factor map, each cohort is plotted relative to one another 
based on levels of trait expression. For example, in an analysis of ANS, it is evident that 
Cohorts 1 and 2 are most similar to one another in their relative expression of character 
states 1 and 2, Cohort 3 is closely associated with character state 2, and Cohorts 4, 5, and 
6 are grouped close together around character state 3. The vertical axis, or Dim 1, creates 
a sectioning point between a small ANS (score of 1) and large ANS (score of 3). The 
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relative placement of the six cohorts along the horizontal axis demonstrates the degree of 
secular change occurring. This dispersal pattern corresponds with the frequency 
distribution table for ANS and is supported by the ordinal regression coefficients for each 
cohort. Written analyses for all CA factor maps are not provided here; however, the 
reader is encouraged to examine each map for a better understanding of the changes 
occurring. 
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Figure 4-1. ANS correspondence analysis factor map for males and females. 
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Figure 4-1a. ANS correspondence analysis factor map for males. 
 
 
 
Figure 4-1b. ANS correspondence analysis factor map for females. 
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Figure 4-2. INA correspondence analysis factor map for males and females. 
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Figure 4-3. IOB correspondence analysis factor map for males and females. 
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Figure 4-4. MT correspondence analysis factor map for males and females. 
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Figure 4-5. NAS correspondence analysis factor map for males and females. 
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Figure 4-6. NAW correspondence analysis factor map for males and females. 
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Figure 4-7. NBC correspondence analysis factor map for males and females. 
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Figure 4-7a. NBC correspondence analysis factor map for males. 
 
 
 
Figure 4-7b. NBC correspondence analysis factor map for females. 
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Figure 4-8. NBS correspondence analysis factor map for males and females. 
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Figure 4-9. NFS correspondence analysis factor map for males and females. 
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Figure 4-10. OBS correspondence analysis factor map for males and females. 
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Figure 4-11. PS correspondence analysis factor map for males and females. 
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Figure 4-12. PZT correspondence analysis factor map for males and females. 
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Figure 4-13. SPS correspondence analysis factor map for males and females. 
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Figure 4-13a. SPS correspondence analysis factor map for males. 
 
 
 
Figure 4-13b. SPS correspondence analysis factor map for females. 
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Figure 4-14. TPS correspondence analysis factor map for males and females. 
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Figure 4-15. ZS correspondence analysis factor map for males and females. 
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Figure 4-16. CS correspondence analysis factor map for males and females. 
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Figure 4-17. GAF correspondence analysis factor map for males and females. 
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Figure 4-18. LMB correspondence analysis factor map for males and females. 
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Figure 4-19. PREI correspondence analysis factor map for males and females. 
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Figure 4-19a. PREI correspondence analysis factor map for males. 
 
 
 
Figure 4-19b. PREI correspondence analysis factor map for females. 
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Ordinal regression 
 Ordinal regression was calculated through a probit or ordered regression model 
for all ordinal traits (Agresti, 2012). Ordinal regression aided in identifying the level of 
change between the six cohorts in conjunction with correspondence analysis. Although 
many of the traits indicate significant p-values based on chi-square analysis alone, when a 
regression model is applied it is apparent that the change in character state expression is 
only meaningfully in some of those traits.   
 The coefficient value given for each cohort depicts the variance between each 
cohort relative to Cohort 1 and indicates the level of trait expression in a cohort as it 
corresponds to the intercept values for each character state. The first model for each trait 
represents the data from each cohort irrespective of age-at-death or sex. The second 
model accounts for age-at-death in order to assess whether age has a significant effect on 
the level of trait expression. Age-at-death did not have a significant effect on the level of 
trait expression for any trait. The third model accounts for age-at-death, as well as sex. 
Based on the coefficient values for sex, sex-specific frequency tables and CA factor maps 
were generated to assess whether a sex bias might be impacting the interpretation of 
secular change. Variation in trait expression between males and females was further 
evaluated for seven traits, including: ANS, MT, NBC, SPS, ZS, GAF, and PREI. In the 
case of NBC and SPS, it was found that secular change is only relevant in one sex or the 
other; while in the remaining traits, there is a difference in when the change occurred, but 
the overall trend is consistent between the sexes.  
 Using ANS as an example once more, Cohort 2 has a coefficient of -0.1419 and 
Cohort 3 has a coefficient of 0.1718, each displaying only minor variance relative to 
 87 
Cohort 1. Cohorts 4, 5 and 6, however, display considerable variation relative to Cohort 1 
with coefficients ranging from 0.7772 to 0.8291. When accounting for age and sex, age 
contributes only 0.001859 in variance, while sex (calculated as male relative to female) 
contributes 0.430737. Further analyses (sex-specific frequency tables and sex-specific 
CA factor maps) show that secular change is present in both sexes; although males 
average a greater expression of ANS across all cohorts, causing a high sex coefficient. 
Results of ordinal regression analyses for eight ordinal traits depicting a 
meaningful level of change, in either or both sexes, are presented below in Tables 4-24 
through 4-47. Regression analyses for the remaining (non-significant) traits can be found 
in the Appendix. 
Table 4-24. ANS ordinal regression by cohort. 
 Value Standard error t-value 
Coefficients: 
C2 -0.1491 0.1442 -1.034 
C3 0.1718 0.1409 1.220 
C4 0.7662 0.1535 4.992 
C5 0.8621 0.1408 6.124 
C6 0.8291 0.1431 5.794 
Intercepts: 
1|2 -0.6394 0.1209 -5.2894 
2|3 0.7844 0.1215 6.4560 
 
Table 4-25. ANS ordinal regression by cohort + age. 
 Value Standard error t-value 
Coefficients: 
C2 -0.1621813 0.15220 -1.0656 
C3 0.1445305 0.17185 0.08411 
C4 0.7608711 0.15417 4.9354 
C5 0.8991977 0.14794 6.0783 
C6 0.829638 0.16901 4.9092 
Age -0.0007883 0.00288 -0.2737 
Intercepts: 
1|2 -0.6980 0.2532 -2.7569 
2|3 0.7211 0.2532 2.8482 
 
Table 4-26. ANS ordinal regression by cohort + age + sex. 
 Value Standard error t-value 
Coefficients: 
C2 -0.018561 0.15480 -0.1199 
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C3 0.339959 0.17570 1.9349 
C4 0.882867 0.15661 5.6375 
C5 1.059134 0.15119 7.0052 
C6 1.036340 0.17351 5.9727 
Age 0.001859 0.00292 0.6367 
Sex  0.430737 0.07350 5.8606 
Intercepts: 
1|2 -0.1740 0.2691 -0.6467 
2|3 1.2783 0.2712 4.7141 
 
Table 4-27. MT ordinal regression by cohort. 
 Value Standard error t-value 
Coefficients: 
C2 -0.3432 0.1426 -2.406 
C3 -0.2537 0.1392 -1.822 
C4 -0.5370 0.1501 -3.578 
C5 -1.0773 0.1388 -7.760 
C6 -0.8082 0.1403 -5.760 
Intercepts: 
0|1 -1.0349 0.1208 -8.5674 
1|2 0.6525 0.1189 5.4891 
2|3 1.9943 0.1663 11.9925 
 
Table 4-28. MT ordinal regression by cohort + age. 
 Value Standard error t-value 
Coefficients: 
C2 -0.52145 0.150948 -3.454 
C3 -0.60969 0.170130 -3.584 
C4 -0.60037 0.151620 -3.960 
C5 -1.24996 0.147929 -8.450 
C6 -1.11722 0.167046 -6.688 
Age -0.01031 0.002837 -3.634 
Intercepts: 
0|1 -1.8513 0.2523 -7.3373 
1|2 -0.1315 0.2472 -0.5321 
2|3 1.2679 0.2746 4.66170 
 
Table 4-29. MT ordinal regression by cohort + age + sex. 
 Value Standard error t-value 
Coefficients: 
C2 -0.36947 0.15350 -2.407 
C3 -0.41116 0.17362 -2.368 
C4 -0.50153 0.15334 -3.271 
C5 -1.12093 0.15010 -7.468 
C6 -0.93935 0.17011 -5.522 
Age -0.00769 0.00288 -2.670 
Sex 0.48625 0.07379 6.590 
Intercepts: 
0|1 -1.2992 0.2668 -4.8696 
1|2 0.4676 0.2647 1.7663 
2|3 1.9037 0.2937 6.4821 
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Table 4-30. NBC ordinal regression by cohort. 
 Value Standard error t-value 
Coefficients: 
C2 -0.075788 0.1476 -0.51340 
C3 -0.003538 0.1443 -0.02451 
C4 0.0208740 0.1536 1.35905 
C5 0.297684 0.1390 2.14234 
C6 0.312374 0.1422 2.19599 
Intercepts: 
0|1 -1.4994 0.1308 -11.4627 
1|2 0.5303 0.1228 4.3164 
2|3 0.7617 0.1236 6.1643 
3|4 1.4959 0.1283 11.6588 
 
Table 4-31. NBC ordinal regression by cohort + age. 
 Value Standard error t-value 
Coefficients: 
C2 0.012009 0.156015 0.07697 
C3 0.174204 0.174536 0.99809 
C4 0.236823 0.154770 1.53016 
C5 0.237855 0.147197 1.61589 
C6 0.395479 0.168768 2.34334 
Age 0.005272 0.002889 1.82500 
Intercepts: 
0|1 -1.1104 0.2563 -4.3316 
1|2 0.9712 0.2543 3.8185 
2|3 1.1896 0.2547 4.6699 
3|4 1.8178 0.2581 7.0443 
 
Table 4-32. NBC ordinal regression by cohort + age + sex. 
 Value Standard error t-value 
Coefficients: 
C2 0.044860 0.158064 0.2838 
C3 0.214926 0.177306 1.2122 
C4 0.259654 0.155810 1.6665 
C5 0.271000 0.149393 1.8140 
C6 0.438110 0.171905 2.5486 
Age 0.005856 0.002924 2.0029 
Sex 0.096674 0.072755 1.3288 
Intercepts: 
0|1 -0.9945 0.2708 -3.6722 
1|2 1.0943 0.2709 4.0395 
2|3 1.3130 0.2713 4.8389 
3|4 1.9385 0.2737 7.0815 
 
Table 4-33. SPS ordinal regression by cohort. 
 Value Standard error t-value 
Coefficients: 
C2 -0.20897 0.1610 -1.2979 
C3 -0.09206 0.1583 -0.5816 
C4 -0.02226 0.1705 -0.1306 
C5 -0.02924 0.1550 -0.1886 
C6 -0.12277 0.1559 -0.7873 
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Intercepts: 
0|1 -0.8765 0.1341 -6.5339 
1|2 -0.5025 0.1330 -3.7791 
 
Table 4-34. SPS ordinal regression by cohort + age.  
 Value Standard error t-value 
Coefficients: 
C2 -0.252259 0.170376 -1.4806 
C3 -0.183326 0.193082 -0.9495 
C4 -0.033080 0.171491 -0.1929 
C5 -0.039922 0.164581 -0.2426 
C6 -0.199380 0.186530 -1.0689 
Age -0.002713 0.003229 -0.8401 
Intercepts: 
0|1 -1.0578 0.2832 -3.7356 
1|2 -0.7254 0.2825 -2.5679 
 
Table 4-35. SPS ordinal regression by cohort + age + sex. 
 Value Standard error t-value 
Coefficients: 
C2 -0.003486 0.175662 -0.01984 
C3 0.130159 0.199615 0.65205 
C4 0.144830 0.175507 0.82521 
C5 0.204823 0.169174 1.21072 
C6 0.098600 0.192444 0.51236 
Age 0.001319 0.003314 0.39792 
Sex 0.687498 0.081450 8.44077 
Intercepts: 
0|1 -0.2345 0.3035 -0.7725 
1|2 0.1198 0.3035 0.3948 
 
Table 4-36. TPS ordinal regression by cohort. 
 Value Standard error t-value 
Coefficients: 
C2 0.10395 0.1569 0.6626 
C3 -0.04346 0.1551 -0.2802 
C4 0.39413 0.1599 2.4652 
C5 0.58485 0.1468 3.9834 
C6 0.57451 0.1491 3.8541 
Intercepts: 
1|2 0.1367 0.1303 1.0489 
2|3 1.1873 0.1341 8.8558 
3|4 2.0924 0.1442 14.5099 
 
Table 4-37. TPS ordinal regression by cohort + age. 
 Value Standard error t-value 
Coefficients: 
C2 0.075824 0.163667 0.4633 
C3 -0.102674 0.182358 -0.5630 
C4 0.388338 0.160448 2.4203 
C5 0.639509 0.153298 4.1717 
C6 0.546572 0.172159 3.1748 
Age -0.001721 0.002823 -0.6097 
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Intercepts: 
1|2 -0.0007 0.2529 -0.0027 
2|3 1.0630 0.2547 4.1742 
3|4 1.9860 0.2594 7.6557 
 
Table 4-38. TPS ordinal regression by cohort + age + sex. 
 Value Standard error t-value 
Coefficients: 
C2 0.07417 0.166055 0.44665 
C3 -0.10485 0.186007 -0.56366 
C4 0.38717 0.161668 2.39484 
C5 0.63789 0.155709 4.09671 
C6 0.54453 0.175599 3.10097 
Age -0.00175 0.002864 -0.61095 
Sex -0.00433 0.072810 -0.05947 
Intercepts: 
1|2 -0.0063 0.2702 -0.0234 
2|3 1.0573 0.2719 3.8882 
3|4 1.9803 0.2766 7.1604 
 
Table 4-39. ZS ordinal regression by cohort. 
 Value Standard error t-value 
Coefficients: 
C2 0.06712 0.1530 0.4388 
C3 -0.20391 0.1514 -1.3470 
C4 0.36875 0.1581 2.3328 
C5 1.19796 0.1476 8.1148 
C6 1.10710 0.1487 7.4449 
Intercepts: 
0|1 0.1561 0.1259 1.2407 
1|2 1.6585 0.1347 12.3139 
 
Table 4-40. ZS ordinal regression by cohort + age. 
 Value Standard error t-value 
Coefficients: 
C2 0.044864 0.159817 0.2807 
C3 -0.245715 0.180445 -1.3617 
C4 0.357921 0.158210 2.2623 
C5 1.246830 0.154728 8.0582 
C6 1.105250 0.173561 6.3681 
Age -0.001294 0.002936 -0.4408 
Intercepts: 
0|1 0.0644 0.2576 0.2502 
1|2 1.5226 0.2619 5.8136 
 
Table 4-41. ZS ordinal regression by cohort + age + sex. 
 Value Standard error t-value 
Coefficients: 
C2 0.1514708 0.162707 0.9309 
C3 -0.1167698 0.183990 -0.6347 
C4 0.4376120 0.160100 2.7334 
C5 1.3694167 0.158424 8.6440 
C6 1.2478866 0.178010 7.0102 
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Age 0.0004211 0.002982 0.1412 
Sex 0.3027238 0.075486 4.0103 
Intercepts: 
0|1 0.4389 0.2753 1.5943 
1|2 1.9124 0.2808 6.8099 
 
Table 4-42. GAF ordinal regression by cohort. 
 Value Standard error t-value 
Coefficients: 
C2 -0.2415 0.1384 -1.745 
C3 -0.1967 0.1357 -1.449 
C4 -0.5121 0.1436 -3.566 
C5 -1.0121 0.1371 -7.381 
C6 -1.0057 0.1372 -7.333 
Intercepts: 
1|2 -2.2567 0.1311 -17.2094 
2|3 -1.3717 0.1203 -11.3987 
3|4 -0.3200 0.1155 -2.7692 
4|5 0.7627 0.1173 6.5018 
 
Table 4-43. GAF ordinal regression by cohort + age. 
 Value Standard error t-value 
Coefficients: 
C2 -0.2586221 0.145963 -1.7718 
C3 -0.2309515 0.164473 -1.4042 
C4 -0.5167563 0.144155 -3.5847 
C5 -1.0247297 0.141320 -7.2511 
C6 -1.0356725 0.159366 -6.4987 
Age -0.0009993 0.002709 -0.3689 
Intercepts: 
1|2 -2.3340 0.2472 -9.4423 
2|3 -1.4489 0.2414 -6.0028 
3|4 -0.3970 0.2386 -1.6639 
4|5 0.6857 0.2395 2.8636 
 
Table 4-44. GAF ordinal regression by cohort + age + sex. 
 Value Standard error t-value 
Coefficients: 
C2 -0.035888 0.148633 -0.2415 
C3 0.072773 0.168497 0.4319 
C4 -0.384358 0.145452 -2.6425 
C5 -0.842504 0.143328 -5.8781 
C6 -0.795671 0.162153 -4.9069 
Age 0.003066 0.002757 1.1121 
Sex 0.647894 0.070316 9.2141 
Intercepts: 
1|2 -1.6273 0.2601 -6.2567 
2|3 -0.6989 0.2558 -2.7324 
3|4 0.4062 0.2550 1.5931 
4|5 1.5397 0.2582 5.9643 
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Table 4-45. PREI ordinal regression by cohort. 
 Value Standard error t-value 
Coefficients: 
C2 -0.2967 0.1411 -2.103 
C3 -0.3828 0.1385 -2.763 
C4 -0.6060 0.1473 -4.113 
C5 -0.6155 0.1391 -4.425 
C6 -0.6579 0.1394 -4.721 
Intercepts: 
0|1 -1.5817 0.1236 -12.8013 
1|2 -0.1202 0.1171 -1.0268 
2|3 1.1498 0.1233 9.3231 
 
Table 4-46. PREI ordinal regression by cohort + age. 
 Value Standard error t-value 
Coefficients: 
C2 -0.386115 0.148967 -2.592 
C3 -0.562805 0.168611 -3.338 
C4 -0.632439 0.148061 -4.271 
C5 -0.681816 0.143560 -4.749 
C6 -0.814823 0.162634 -5.010 
Age -0.005229 0.002789 -1.874 
Intercepts: 
0|1 -1.9878 0.2496 -7.9629 
1|2 -0.5234 0.2449 -2.1371 
2|3 0.7494 0.2465 3.0403 
 
Table 4-47. PREI ordinal regression by cohort + age + sex 
 Value Standard error t-value 
Coefficients: 
C2 -0.533467 0.151699 -3.517 
C3 -0.763533 0.173003 -4.413 
C4 -0.738066 0.149656 -4.932 
C5 -0.835142 0.146684 -5.693 
C6 -1.004226 0.166716 -6.024 
Age -0.007801 0.002835 -2.752 
Sex -0.395248 0.071512 -5.527 
Intercepts: 
0|1 -2.5218 0.2689 -9.3789 
1|2 -1.0300 0.2622 -3.9287 
2|3 0.2664 0.2620 1.0166 
 
Intraobserver error 
 Cohen's kappa (Cohen, 1960, 1968) analysis was applied for the calculation of 
intraobserver error for all 23 cranial and mandibular nonmetric traits. Data were collected 
on a second occasion for 153 individuals (representing ~15% of the data collected by the 
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PI) in order to assess intraobserver error. Agreement ranged from substantial to almost 
perfect for all traits indicating that consistent scoring occurred throughout the data 
collection process. The results of Cohen's kappa analysis are given in Table 4-48. 
Table 4-48. Intraobserver error analysis. 
Trait Cohen’s kappa Agreement (Landis and Koch, 1977) 
Anterior nasal spine 0.81 Almost perfect 
Inferior nasal aperture 0.93 Almost perfect 
Interorbital breath 0.79 Substantial 
Malar tubercle 0.82 Almost perfect 
Nasal aperture shape 0.95 Almost perfect 
Nasal aperture width 0.74 Substantial 
Nasal bone contour 0.84 Almost perfect 
Nasal bone shape 0.70 Substantial 
Nasofrontal suture 0.84 Almost perfect 
Nasal overgrowth 0.96 Almost perfect 
Orbital shape 0.79 Substantial 
Palate shape 0.77 Substantial 
Post-bregmatic depression 0.88 Almost perfect 
Posterior zygomatic tubercle 0.61 Substantial 
Supranasal suture 0.72 Substantial 
Transverse palatine suture 0.92 Almost perfect 
Zygomaticomaxillary suture shape 0.91 Almost perfect 
Ascending ramus shape 0.73 Substantial 
Chin shape 0.85 Almost perfect 
Gonial angle flare 0.89 Almost perfect 
Lower mandibular border 0.71 Substantial 
Mandibular torus 0.78 Substantial 
Posterior ramus edge inversion 0.76 Substantial 
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CHAPTER 5: DISCUSSION 
This chapter discusses the results of the data analyses and their implications, as 
presented in the previous chapter. The purpose of this study was to explore whether 
secular change has occurred in nonmetric cranial and mandibular trait expression. It is 
important to document the extent of secular change because of its potential effect on the 
utility of methods commonly employed by forensic anthropologists. Secular change has 
been studied for several decades; however, research to date has primarily focused on 
metric variation. Changing growth patterns over the last two centuries have led to an 
overall change in skeletal proportions, specifically average height and cranial dimensions 
(Jantz and Meadows Jantz, 2000, 2016; Schmidt et al., 1995). The results of the present 
research indicate that the expression of nonmetric cranial and mandibular traits have also 
been influenced by secular change. Data for a total of 23 cranial and mandibular traits 
were gathered for this research and statistical analyses, including Pearson's chi-square 
analysis, correspondence analysis, and ordinal regression, support the presence of secular 
change in 11 of the 23 traits with both sexes experiencing a significant change in seven of 
the 11 traits. Table 5-1 presents an overview of when the most dramatic shift in trait 
expression can be seen for these seven traits; minor shifts occur between the preceding or 
subsequent cohorts as well (see the previous chapter).   
Table 5-1. Overview of major shifts in trait expression. 
Trait abbreviation Major shift in expression occurs between… 
ANS Cohort 3 / Cohort 4 
MT Cohort 4 / Cohort 5 
TPS Cohort 4 / Cohort 5 
ZS Cohort 4 / Cohort 5 
GAF Cohort 4 / Cohort 5 
MDT Cohort 3 / Cohort 4 
PREI Cohort 3 / Cohort 4 
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Frequency distributions 
 In order to assess a baseline of variation in trait expression, frequency 
distributions were calculated for all 23 cranial and mandibular nonmetric traits, allowing 
for an initial evaluation of the dispersal of trait expression between the six cohorts. A p-
value of £ 0.01 was used to determine significance. A significant p-value aided in 
determining whether a trait should be further evaluated for secular change; however, it 
did not denote whether a meaningful change had occurred. In many cases, an inspection 
of the frequency distribution table resulted in the discovery of no real change. For 
example, a cross-tabulation analysis of the six cohorts for the inferior nasal aperture 
(INA), including males and females, produced a p-value of 0.00097; however, in reality, 
the relative distribution of character states does not change between the cohorts. All six 
cohorts express a character state of 3 most frequently with remaining levels of expression 
fluctuating between character states 4 and 5. 
 Significant p-values occur even when no meaningful change has occurred and are 
a reflection of small fluctuations in the frequency of trait expression between the cohorts. 
While a significant p-value is of interest during initial data analysis, they should not be 
relied upon in determining final results due to their inability to differentiate between 
meaningful changes in trait expression and white noise fluctuations.   
   
Correspondence analysis (CA) 
 The factor maps generated by correspondence analysis are beneficial in 
visualizing the changes in trait expression between the six cohorts. Since CA factor maps 
could not be generated for traits scored in a binary manner, CA factor maps could only be 
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used to corroborate secular change in eight of the eleven traits. The horizontal axis (Dim 
1) was used to visually assess the degree of change between the cohorts as they relate to 
each ordinal score. When a substantial change in trait expression has occurred between 
historic and modern individuals, the vertical axis creates a sectioning point between the 
level of trait expression found in the historic versus modern cohorts. This sectioning point 
does not represent a firm delineation between the cohorts but rather is representative of 
when the most substantial shift in trait expression can be seen.  
 
Ordinal regression 
 The application of ordinal regression in analyzing the data acted as a check for the 
relative degree of change that each cohort displayed in relation to Cohort 1. The addition 
of age-at-death and sex as coefficients helped to separate confounding factors in changing 
trait expression. Age-at-death was not found to impact variation in trait expression; 
however, coefficient values indicated that sex was a significant contributor in many 
cases. A high sex coefficient does not indicate that a sex bias is necessarily influencing 
the perceived presence of secular change, although it may, but rather that overall trait 
expression differs between the sexes. In the case of NBC and SPS, secular change is only 
significant in one sex versus the other; however, in other traits (e.g., ANS and PREI) the 
level of expression is seen to vary between the sexes, while the overall presence of 
change is consistent. 
 
Secular change in the cranium 
Temporal changes in cranial shape are correlated with and likely a consequence of 
changing environmental factors. The multifactorial causal agents directing changing 
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patterns in skeletal growth and trait expression remain largely unknown; however, 
changing environmental variables including changes in nutrition, medical care, and living 
standards have been shown to influence gene plasticity and are likely a contributing 
factor in shifting skeletal variation (Jantz and Meadows Jantz, 2016; Schmidt et al., 
1995). Major changes in environmental stimuli correspond with society’s 
industrialization and correlate with medical advancements and an increase in overall 
nutritional quality, along with a decrease in physical activity; all of which have led to 
fluctuations in the population’s health and stress status (Jantz and Meadows Jantz, 2000). 
Documented changes in skeletal variation include changes in stature, cranial dimensions, 
and nonmetric trait expression. For example, Angel (1982) discusses how cranial base 
height has increased over time due to changes in nutritional status leading to changes in 
both stature and skull proportions. Of the 17 nonmetric cranial traits scored in the present 
study, seven traits display a substantial level of secular change occurring between the 
late-1800s and early-to-mid-1900s. 
The anterior nasal spine (ANS) has shifted towards a more pronounced expression 
over time. The shift in expression occurs between Cohorts 2 and 3 as well as Cohorts 3 
and 4, with the correspondence analysis suggesting a sectioning point between slight to 
moderate expression (scores of 1 and 2) and maximum expression (score of 3) between 
Cohorts 3 and 4. Both males and females exhibit an increase in ANS expression; 
however, expression in females is skewed towards a smaller ANS across all cohorts. 
Expression of the malar tubercle (MT) has changed substantially as well, with a more 
gracile expression seen in both males and females. Expression diminishes moderately 
between Cohorts 1-4 with a notable shift occurring between Cohorts 4 and 5. 
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Correspondence analysis for MT suggests a sectioning point in expression with the 
vertical axis indicating a shift between no projection (score of 0) and any projection 
(score ³1) between Cohorts 4 and 5. This decrease in MT expression is consistent with 
the cranium becoming increasingly gracile along with decreasing robusticity of the 
masticatory muscles, specifically the masseter (sensu Cramon-Taubadel, 2011; Grünheid 
et al., 2009; Lieberman et al., 2004; Sella-Tunis et al., 2018).     
The overall change in nasal bone contour (NBC) is relatively minor. No change 
occurred in males; however, a trend towards more pronounced nasals is present in 
females. Interestingly, Jantz and Meadows Jantz (2000) documented a significant 
increase in nasion-prosthion measurements in White females and Jantz and Meadows 
Jantz (2016) found that basion-nasion height had increased significantly since the early 
1900s. It is possible that the increase in pronounced nasal bones seen in European 
American females correlates with an increase in cranial dimensions found by Jantz and 
Meadows Jantz (2000, 2016). Change in expression of the postbregmatic depression 
(PBD) is also sex-specific. Negligible change is seen in the distribution of expression in 
males with the trait being absent (score of 0) in the majority of individuals. However, 
~50% of females in Cohort 1 express the trait with expression decreasing in frequency in 
modern individuals.    
The change in expression of supranasal suture (SPS) is also minor, with males 
exhibiting a more substantial change than females. Change in SPS is represented by a 
decrease in suture closure around the mid-1900s (Cohort 5). The reason for this is not 
entirely apparent; however, it does correspond with increasing suture complexity seen in 
the transverse palatine suture (TPS) and zygomaticomaxillary suture (ZS) around the 
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same time. It is unknown whether the corresponding changes in these three traits are 
correlated or coincidental. Change in the expression of the TPS occurs between Cohorts 3 
and 4 as well as 4 and 5 and is quite pronounced with no significant sex bias. Before the 
1900s, a straight suture was represented in 60% of the sample; after the turn of the 
century, there is an increase in suture complexity with anterior bulging and an M-shaped 
appearance becoming predominant in >50% of the sample.  
A consideration of the correspondence analysis for TPS shows the vertical axis 
delineating a sectioning point in expression between a straight suture and an anterior 
bulge or M-shape between Cohorts 4 and 5. A more complex suture shape has also 
evolved in ZS. Cohorts 1-3 display a jagged or s-shaped suture (score of 2) in <5% of 
individuals; however, a score of 2 is represented in >30% of individuals in Cohorts 5 and 
6. This change occurred over the last century in both males and females. As with TPS, 
correspondence analysis for ZS also demonstrates a sectioning point between a lack of 
suture complexity and any form of a complex suture between Cohort 4 and Cohort 5, 
respectively. A possible explanation for increasing suture complexity is a correlation with 
changing growth patterns. As discussed previously, past studies have shown that mean 
cranial dimensions have significantly changed within European Americans, with the 
cranium becoming overall taller and narrower (Jantz, 2001; Jantz and Meadows Jantz, 
2000). Changes in the underlying growth patterns of skeletal structures are likely altering 
the stress levels placed on developing bone during periods of growth, and this may be a 
contributing factor for increasing suture complexity, a conclusion also suggested by 
Zambrano (2014). 
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Secular change in the mandible 
Mandibular nonmetric traits show a more substantial degree of secular change in 
skeletal morphology. Notable changes include the ascending ramus shape (ARS), gonial 
angle flare (GAF), mandibular tori (MBT), and posterior ramus edge inversion (PREI). 
Environmental factors suggested by Jantz and Meadows Jantz (2000) and Angel (1982) 
that have affected cranial dimensions have also likely impacted the mandible as well due 
to its direct articulation with the cranium and highly integrated nature in the role of 
mastication and dental development. 
Changes in GAF and ARS support the findings of Martin and Danforth (2009), 
who found that both increases and decreases in metric measurements of the mandible had 
occurred over time in all cohorts. The results of Martin and Danforth (2009) indicate that 
mandibular morphology is changing in two directions: the mandible is becoming overall 
more gracile with a decrease in height while at the same time the length of the mandible 
is increasing. Martin and Danforth (2009) found a statistically significant decrease in 
mean bigonial breadth, which correlates with the shifting expression of GAF found in the 
present study. If the sectioning point established by correspondence analysis is 
considered for GAF between scores of 3 and 4, then a shift towards a more gracile 
mandible becomes evident between Cohorts 4 and 5. In Cohorts 1, 2, and 3 GAF scores 
of 4 and 5 (medium and everted) were predominant in the sample (>50%). Around 
Cohort 4, there is a shift in expression and Cohorts 5 and 6 present scores of 1, 2, and 3 
(inverted, straight, and slight) in >70% of individuals. Overall these findings support the 
results of Martin and Danforth (2009) indicating the development of a more gracile 
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mandible, likely as a response to decreasing robusticity of the masseter muscle (Grünheid 
et al., 2009; Sella-Tunis et al., 2018).  
Analysis of ARS indicates a decrease in the frequency of pinched ARS expression 
in the population. Cohorts 1, 2, and 3 express a score of 1 (pinched) in >85% of 
individuals; this decreases to ~70% of individuals in Cohorts 4, 5, and 6 expressing a 
score of 1. Change in expression is only significant in males, although a gradual shift is 
also present in females. In evaluating the data presented in Martin and Danforth (2009), 
the ratio between maximum ramus breadth and minimum ramus breadth appears to have 
decreased moderately between the historic population and modern populations in 
European American males while no change in ratio is evident in females. Martin and 
Danforth (2009) did not analyze this relationship, and without their raw data the exact 
significance of this is unclear. However, this trend would correlate with the present 
findings indicating a shift towards a wider ARS, especially in males, with the ratio 
between the maximum and minimum ramus breadth measurements diminished. 
The results of the present study indicate an increase in the prevalence of 
mandibular tori within the European American population. Before the turn of the 
twentieth century, 95% of the population lacked mandibular tori, as shown in Cohorts 1, 
2 and 3. The presence of mandibular tori increased significantly in females between 
Cohorts 3 and 4, which represents individuals born in the late 1800s compared to those 
born in the early 1900s. The trait increased moderately in males between Cohorts 4 and 5 
(individuals born early-to-mid-1900s) and increased significantly again between cohorts 
5 and 6 (individuals born mid-to-late-1900s). While researchers have shown that there is 
a genetic component in the expression of tori, environmental factors seem to play a more 
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prominent role in the presence of this trait (Eggen, 1989; García-García et al., 2010). 
Factors including occlusal stress, superficial injury, development of mastication muscles, 
vitamin deficiencies, supplements rich in calcium, and overall diet have all been shown to 
impact the expression of mandibular tori (García-García et al., 2010).   
Lastly, the expression of PREI decreased substantially during the late 1800s and 
early 1900s. The overall change in PREI is seen between Cohorts 3 and 4 at the turn of 
the twentieth century, although the shift in trait expression in males precedes that of 
females. The level of expression of PREI diminishes in both sexes beginning around the 
early 1900s. Correspondence analysis presents a sectioning point between scores of 1 and 
2 between Cohorts 3 and 4. When this sectioning point is considered, a change is 
apparent with a score of 3-4 represented by 50% of individuals in Cohort 1 compared to a 
score of 1-2 represented by >70% of individuals in Cohorts 5 and 6. Ordinal regression 
results, in addition to frequency distributions tables for each sex, indicate that males 
consistently score lower than females demonstrating that sex moderately biases the 
expression of this trait. The observed trend in PREI also supports the previous research 
suggesting that the mandible is becoming overall more gracile. The medial pterygoid 
muscle attaches at the posterior ramus edge and changes in muscle development have 
likely altered the development of this bony feature (Grünheid et al., 2009). 
 
Agreement with previous research and intraobserver error 
When comparing the frequency distribution tables for modern individuals 
(Cohorts 5 and 6) to those compiled by Hefner and Linde (2018), the expected values 
were represented in the majority of traits. The expression of ANS in the present research 
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falls somewhere between the distributions for Europeans and American Whites presented 
by Hefner and Linde (2018). The distributions of INA, IOB, NO, PBD, SPS, TPS, and ZS 
are all relatively the same as the American White distribution while the distribution of 
NAW follows the pattern of Europeans rather than American Whites (Hefner and Linde, 
2018). The expressed character states scored for MT, NBC, NBS, and PZT closely match 
the frequency of character states presented by Hefner and Linde (2018). 
Variation in OBS scoring is of interest, the frequency for scores of 1 are 
consistent; however, the frequency of expression for character states 2 and 3 are nearly 
reversed between the present research and that of Hefner and Linde (2018). The 
frequency distribution of PS is also quite varied, indicating that further experience with 
the relative shape of the palate may be necessary to achieve accurate scoring of this trait. 
Problematic scoring of palate shape and its utility in ancestry estimation have recently 
been discussed by Maier et al. (2015) and Clark et al. (2016). While this trait shows 
promise in differentiating certain ancestral groups, the character state definitions require 
additional refinement in order to minimize the current error rates (Maier et al., 2015). 
Maier et al. (2015) utilized a Microscribe™ Digitizer to minimize errors in shape 
analysis. The use of a digitizer to visualize a nonmetric trait is novel; however, in light of 
present efforts to standardize scoring procedures, the application of a digitizer may prove 
beneficial to the future of nonmetric ancestry estimation. 
Although differences arose in the frequency of character expression for some 
traits, it is important to note that intraobserver error analysis for all nonmetric traits 
ranged from substantial to almost perfect. This demonstrates that consistent scoring 
procedures were maintained throughout the data collection process. A conclusion of this 
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being that the variation noted between frequency distributions for the present study to 
those previously published may be a result of differing interpretations of character state 
definitions as a result of observer experience. 
 
Causes of secular change and its implications  
 The results of the present research demonstrate that significant secular change has 
occurred in the expression of nonmetric cranial and mandibular traits. While not all traits 
display substantial levels of change, those that do represent a significant shift in trait 
expression consistently occurring during the late 1800s and early 1990s. This change 
corresponds with advancements in medicine, dietary changes, and a drop in the average 
level of physical activity (Jantz, 2001; Jantz and Meadows Jantz, 2000; Jantz and 
Meadows Jantz, 2016). Research has also shown that mutating genes impact the 
morphological expression of skeletal features as well, and biological studies show that 
the presence of changing phenotypic expressions is reflected in skeletal morphology as 
seen with microevolution in skeletal structures in the fossil record (Fondon and Garner, 
2004).  
Environmental effects on gene plasticity represent a source for a percentage of 
secular change seen in all aspects of skeletal variation including changes in stature, 
cranial vault dimensions, long bone lengths, and the expression of nonmetric traits 
(Bateson et al., 2004; Jantz, 2001; Jantz and Meadows Jantz, 2000; Jantz and Meadows 
Jantz, 2016). However, it is unlikely that phenotypic plasticity is the basis for all change. 
Increased heterozygosity in genes as a result of admixture between varying ancestral 
groups has expanded the range of expected trait values (Jantz and Meadows Jantz, 2016). 
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Advancements in medicine have also led to a radical drop in infant mortality rates (Jantz, 
2001; Schmidt et al., 1995). Schmidt et al. (1995) concluded that reduced infant mortality 
rates were strongly correlated with secular change. The growth and development of 
individuals who cannot survive without medical intervention results in the development 
and expression of traits that were not previously prevalent in the population (Jantz, 2001; 
Jantz and Meadows Jantz 2000; Jantz and Meadows Jantz 2016; Schmidt et al., 1995). 
The considerable change in morphological expression discussed above suggests 
that secular change has the potential to impact the utility of forensic ancestry estimation 
methods in the future. Current efforts to standardize nonmetric ancestry methods 
reference modern population data, and the frequency distributions predominately 
correspond to those represented by Cohorts 5 and 6 of this study; however, methods must 
continue to be updated and refined in order to maintain their reflection of the modern 
population. Future method development should continue to avoid the use of historic data 
in favor of more representative modern samples. 
 
  
 107 
CHAPTER 6: CONCLUSIONS 
 
Summary  
Ancestry estimation is an integral part of the biological profile, and incorrectly 
estimating ancestry can impact the accurate construction of the remaining components. 
Variation in skeletal features associated with ancestry is most significant in the area of 
the midface, which has been demonstrated through metric and nonmetric analyses. 
Nonmetric methods for estimating ancestry have been redeveloped in recent years with 
research ongoing to further their improvement. An understanding of intergroup variation 
is important; however, a complete understanding of human variation must include an 
examination of intragroup variation as well. Although a great deal of variation exists 
between populations, considerable variability is present within each population as well. 
In order to maximize understanding of human variation, further research exploring the 
development and expression of skeletal morphology is necessary. The evaluation of 
population demographics and corresponding secular change is relevant to the field of 
biological anthropology, specifically forensic anthropology, as it addresses issues that 
may arise in developing accurate biological profiles. Secular change has been shown to 
affect stature, levels of sexual dimorphism, and nonmetric trait frequencies over short 
periods of time.  
The goal of this research was to ascertain whether secular change affects the 
expression of nonmetric traits of the cranium and mandible. In total, 23 nonmetric cranial 
and mandibular traits were scored, and their frequency distributions analyzed for 1,120 
European American individuals. The results of statistical analyses, including frequency 
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distributions, correspondence analysis, and ordinal regression, demonstrate the presence 
of secular change within the studied population. A total of 11 nonmetric traits displayed a 
statistically significant level of secular change with both sexes experiencing a change in 
seven of those traits. A limitation of the current study is that only European Americans 
were analyzed, and future research is necessary to incorporate additional populations. 
Secular change in nonmetric trait expression appeared in traits of varying 
morphology and structure. In bony features such as the malar tubercle (MT), gonial angle 
flare (GAF), and posterior ramus edge inversion (PREI) there is a decrease in the level of 
trait expression over time. In contrast, expression of the anterior nasal spine (ANS) and 
mandibular tori (MDT) has increased substantially. Sutural traits such as the transverse 
palatine suture (TPS) and zygomaticomaxillary suture (ZS) have substantially increased 
in complexity in modern individuals. The decrease in bony expression of MT, GAF, and 
PREI support the findings of previous research indicating that the cranium and mandible 
have undergone a shift towards more gracile development of skeletal features (Martin and 
Danforth, 2009). The increase in expression of ANS and well as the change seen in nasal 
bone contour (NBC) and postbregmatic depression (PBD) may correspond with changes 
in the average length and height of the cranium documented by previous research (Jantz, 
2001; Jantz and Meadows Jantz, 2016). Finally, an increase in the prevalence of MBT 
has been previously documented in clinical research and found to be a consequence of 
occlusal stress, superficial injury, development of mastication muscles, vitamin 
deficiency, and overall diet (García-García et al., 2010).  
The precise origin of these changes remains unknown with several environmental 
and genetic factors contributing to secular change over the past century. The mutation of 
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genes, along with increased heterozygosity of individuals, and combined with changes in 
environmental stimuli, have contributed to dramatic changes in size, shape, and 
morphology of the human skeleton. 
It is crucial to continually update and maintain reference databases to ensure they 
remain representative of modern populations. As forensic anthropologists pursue 
methodological and theoretical advancements, continued assessment of secular change 
will be critical in maintaining the validity of methods against the Daubert criteria 
(Daubert v. Merrell Dow Pharmaceuticals, Inc), which require methods used by forensic 
practitioners to be: empirically tested; accepted by the scientific community; validated; 
and have known error rates. In the last decade and a half, significant advancements have 
been made towards this end; however, additional work is still necessary. This is not only 
true for nonmetric ancestry estimation, but also nonmetric sex estimation and the metric 
estimation of ancestry, sex, and stature. With increased access to technology, 
standardized methods and practices across the field should become increasingly accepted. 
The suggestion by Maier et al. (2015) of applying a Microscribe™ Digitizer to the 
practice of nonmetric data collection is novel and innovative in its potential to decrease 
subjectivity in nonmetric trait analyses while maintaining the benefits of the practice 
(e.g., the analysis of fragmented remains).  
 
Future research 
Research into secular change in nonmetric traits should continue in the future as 
nonmetric estimations of ancestry will become progressively complex due to increasing 
admixture. Specifically, investigations into the effects of secular change in populations 
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such as African American, Asian, Hispanic, and Native American are necessary. 
Exploring secular change is essential to understanding how traits evolve across 
population groups as well as between them. It is also important for developing a better 
understanding of the factors that influence morphological change and exploring how 
exposure to various environmental stimuli correlates with rates of change.  
 An exploration into the presence of secular change in additional populations 
would allow for an evaluation of when specific traits evolve within distinct groups. The 
results of the present study indicate that secular change correlates with advances in 
medicine, changes in dietary and vitamin intake, and a decrease in overall physical 
activity level. A comparison of trait expression in population groups who have not 
experienced the same environmental and socioeconomic changes impacting their lifestyle 
(e.g., non-industrialized societies) would be a noteworthy contribution to the 
conversation around secular change. In craniometric analyses of secular change, 
variations between the rate and overall degree of change have been found between 
European American and African American individuals (Jantz, 2001; Jantz and Meadows 
Jantz, 2000; Martin and Danforth, 2009). To add to this analysis, a comparison of all 
major population groups is necessary for both metric and nonmetric methods.  
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APPENDIX 
 
Table A-1. INA ordinal regression by cohort. 
 Value Standard error t-value 
Coefficients: 
C2 -0.19378 0.1461 -1.3263 
C3 -0.26888 0.1434 -1.8752 
C4 0.08942 0.1524 0.5868 
C5 0.09532 0.1381 0.6904 
C6 0.08100 0.1418 0.5711 
Intercepts: 
2|3 -2.1834 0.1485 -14.7068 
3|4 0.1583 0.1205 1.3131 
4|5 0.9948 0.1230 8.0844 
 
Table A-2. INA ordinal regression by cohort + age. 
 Value Standard error t-value 
Coefficients: 
C2 -0.162127 0.154107 -1.05205 
C3 -0.205334 0.173848 -1.18111 
C4 0.097739 0.153136 0.63825 
C5 0.013676 0.143099 0.09361 
C6 0.068397 0.002872 0.64021 
Age 0.001838 0.02872 0.64021 
Intercepts: 
2|3 -2.0550 0.2655 -7.7389 
3|4 0.3113 0.2521 1.2349 
4|5 1.1185 0.2535 4.4126 
 
Table A-3. INA ordinal regression by cohort + age + sex. 
 Value Standard error t-value 
Coefficients: 
C2 -0.190192 0.156218 -1.21748 
C3 -0.241547 0.176927 -1.36523 
C4 0.078694 0.154151 0.51050 
C5 -0.013013 0.148106 -0.08786 
C6 0.034442 0.170420 0.2010 
Age 0.001344 0.002906 0.46260 
Sex -0.080930 0.072311 -1.11919 
Intercepts: 
2|3 -2.1598 0.2819 -7.6619 
3|4 0.2109 0.2676 0.7882 
4|5 1.0182 0.2689 3.7866 
 
Table A-4. IOB ordinal regression by cohort. 
 Value Standard error t-value 
Coefficients: 
C2 -0.09722 0.1636 -0.5943 
C3 0.09111 0.1608 0.5666 
C4 0.38274 0.1754 2.1826 
C5 -0.18740 0.1542 -1.2154 
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C6 -0.19310 0.1580 -1.2221 
Intercepts: 
1|2 -0.6455 0.1341 -4.8119 
2|3 2.2450 0.1645 13.6480 
 
Table A-5. IOB ordinal regression by cohort + age. 
 Value Standard error t-value 
Coefficients: 
C2 -0.117809 0.172669 -0.6823 
C3 0.053351 0.196092 0.2721 
C4 0.383470 0.177146 2.1647 
C5 -0.111286 0.163457 -0.6808 
C6 -0.156009 0.188224 -0.8289 
Age -0.001124 0.003267 -0.3440 
Intercepts: 
1|2 -0.7381 0.2849 -2.5907 
2|3 2.2044 0.2993 7.3662 
 
Table A-6. IOB ordinal regression by cohort + age + sex. 
 Value Standard error t-value 
Coefficients: 
C2 -0.0273259 0.175265 -0.1559 
C3 0.1759273 0.200386 0.8779 
C4 0.4534984 0.179013 2.5333 
C5 -0.0216203 0.166077 -0.1302 
C6 -0.0433178 0.191818 -0.2258 
Age 0.0003974 0.003312 0.1200 
Sex 0.2600883 0.082312 3.1598 
Intercepts: 
1|2 -0.4194 0.3027 -1.3858 
2|3 2.5474 0.3202 7.9566 
 
Table A-7. NAS ordinal regression by cohort. 
 Value Standard error t-value 
Coefficients: 
C2 0.6502 0.2823 2.3032 
C3 0.5414 0.2819 1.9202 
C4 0.4573 0.2953 1.5482 
C5 0.7007 0.2739 2.5584 
C6 0.1758 0.2928 0.6004 
Intercepts: 
1|2 1.8526 0.2542 7.2874 
2|3 3.0030 0.2857 10.5113 
 
Table A-8. NAS ordinal regression by cohort + age. 
 Value Standard error t-value 
Coefficients: 
C2 0.781536 0.292059 2.676 
C3 0.807137 0.326372 2.473 
C4 0.467941 0.295254 1.585 
C5 0.795045 0.281800 2.821 
C6 0.376657 0.330316 1.140 
Age 0.007823 0.004936 1.585 
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Intercepts: 
1|2 2.4492 0.4562 5.3690 
2|3 3.7125 0.4840 7.6707 
 
Table A-9. NAS ordinal regression by cohort + age + sex. 
 Value Standard error t-value 
Coefficients: 
C2 0.579551 0.296350 1.9556 
C3 0.549909 0.334113 1.6459 
C4 0.306218 0.298867 1.0246 
C5 0.599086 0.285446 2.0988 
C6 0.137231 0.336893 0.4073 
Age 0.114885 0.005044 0.9685 
Sex -0.493424 0.119062 -4.1443 
Intercepts: 
1|2 1.8507 0.4801 3.8545 
2|3 3.1583 0.5059 6.2429 
 
Table A-10. NAW ordinal regression by cohort. 
 Value Standard error t-value 
Coefficients: 
C2 0.10881 0.1790 0.6079 
C3 0.27884 0.1733 1.6085 
C4 0.57248 0.1813 3.1580 
C5 0.21250 0.1690 1.2572 
C6 0.04191 0.1747 0.2398 
Intercepts: 
1|2 0.8202 0.1477 5.5542 
2|3 3.3738 0.3320 10.1608 
 
Table A-11. NAW ordinal regression by cohort + age. 
 Value Standard error t-value 
Coefficients: 
C2 1.092e-1 0.187545 0.58218 
C3 2.793e-1 0.206206 1.35454 
C4 5.721e-1 0.181991 3.14349 
C5 1.605e-1 0.177971 0.90192 
C6 -3.622e-2 0.204171 -0.17739 
Age 2.507e-5 0.003281 0.00764 
Intercepts: 
1|2 0.8223 0.2931 2.8060 
2|3 3.3476 0.4196 7.9776 
 
Table A-12. NAW ordinal regression by cohort + age + sex. 
 Value Standard error t-value 
Coefficients: 
C2 0.1001023 0.189348 0.52867 
C3 0.2666738 0.209330 1.27394 
C4 0.5658710 0.182909 3.09372 
C5 0.1510738 0.180047 0.83908 
C6 -0.0488537 0.207338 -0.23562 
Age -0.0001643 0.003323 -0.04943 
Sex -0.0304226 0.085252 -0.35686 
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Intercepts: 
1|2 0.7851 0.3111 2.5240 
2|3 3.3091 0.4328 7.6452 
 
Table A-13. NBS ordinal regression by cohort. 
 Value Standard error t-value 
Coefficients: 
C2 -0.3727 0.1651 -2.258 
C3 -0.2426 0.1607 -1.510 
C4 -0.6024 0.1771 -3.402 
C5 -0.5155 0.1552 -3.321 
C6 -0.3657 0.1582 -2.311 
Intercepts: 
1|2 -2.3591 0.1563 -15.0914 
2|3 0.4911 0.1321 3.7186 
3|4 2.0380 0.1723 11.8299 
 
Table A-14. NBS ordinal regression by cohort + age. 
 Value Standard error t-value 
Coefficients: 
C2 -0.399815 0.17524 -2.2816 
C3 -0.289113 0.19895 -1.4532 
C4 -0.617449 0.17852 -3.4588 
C5 -0.458058 0.16413 -2.7908 
C6 -0.342312 0.18992 -1.8024 
Age -0.001255 0.00342 -0.3669 
Intercepts: 
1|2 -2.4871 0.3077 -8.0821 
2|3 0.3918 0.2936 1.3346 
3|4 1.9962 0.3164 6.3091 
 
Table A-15. NBS ordinal regression by cohort + age + sex. 
 Value Standard error t-value 
Coefficients: 
C2 -0.424371 0.177866 -2.3859 
C3 -0.322266 0.203174 -1.5862 
C4 -0.634900 0.179866 -3.5298 
C5 -0.483016 0.167063 -2.8912 
C6 -0.372894 0.193673 -1.9254 
Age -0.001694 0.003463 -0.4890 
Sex -0.068148 0.084054 -0.8108 
Intercepts: 
1|2 -2.5751 0.3266 -7.8846 
2|3 0.3048 0.3126 0.9750 
3|4 1.9110 0.3334 5.7313 
 
Table A-16. NFS ordinal regression by cohort. 
 Value Standard error t-value 
Coefficients: 
C2 -0.06496 0.1700 -0.3820 
C3 0.07728 0.1645 0.4698 
C4 -0.09420 0.1771 -0.5318 
C5 0.02955 0.1604 0.1842 
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C6 0.17251 0.1607 1.0735 
Intercepts: 
1|2 0.6369 0.1381 4.6118 
2|3 1.3432 0.1422 9.4492 
3|4 1.6079 0.1453 11.0675 
 
Table A-17. NFS ordinal regression by cohort + age. 
 Value Standard error t-value 
Coefficients: 
C2 -0.0566468 0.178136 -0.3180 
C3 0.0965342 0.199940 0.4828 
C4 -0.0923033 0.177878 -0.5189 
C5 -0.0948721 0.170452 -0.5566 
C6 0.1454534 0.190793 0.7624 
Age 0.0005811 0.003297 0.1763 
Intercepts: 
1|2 0.6783 0.2882 2.3533 
2|3 1.3828 0.2909 4.7540 
3|4 1.6744 0.2938 5.6991 
 
Table A-18. NFS ordinal regression by cohort + age + sex. 
 Value Standard error t-value 
Coefficients: 
C2 -0.238393 0.182900 -1.3034 
C3 -0.165404 0.207327 -0.7978 
C4 -0.215289 0.181669 -1.1851 
C5 -0.260397 0.174525 -1.4920 
C6 -0.078918 0.196432 -0.4018 
Age -0.002746 0.003354 -0.8187 
Sex -0.532346 0.084833 -6.2753 
Intercepts: 
1|2 0.0316 0.3080 0.1028 
2|3 0.7590 0.3095 2.4519 
3|4 1.0655 0.3118 3.4173 
 
Table A-19. OBS ordinal regression by cohort. 
 Value Standard error t-value 
Coefficients: 
C2 -0.001112 0.1608 -0.006915 
C3 0.052369 0.1582 0.331049 
C4 0.295230 0.1702 1.734769 
C5 -0.099382 0.1502 -0.661464 
C6 0.115455 0.1555 0.742272 
Intercepts: 
1|2 -0.3888 0.1308 -2.9729 
2|3 -0.2561  0.1306 -1.9611 
 
Table A-20. OBS ordinal regression by cohort + age. 
 Value Standard error t-value 
Coefficients: 
C2 0.102871 0.169751 0.6060 
C3 0.264928 0.192103 1.3791 
C4 0.332612 0.172500 1.9282 
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C5 0.081718 0.159962 0.5109 
C6 0.412869 0.185428 2.2266 
Age 0.006224 0.003165 1.9662 
Intercepts: 
1|2 0.1111 0.2761 0.4022 
2|3 0.2062 0.2761 0.7467 
 
Table A-21. OBS ordinal regression by cohort + age + sex. 
 Value Standard error t-value 
Coefficients: 
C2 -0.006197 0.173130 -0.03579 
C3 0.123736 0.196754 0.62888 
C4 0.262232 0.174389 1.50372 
C5 -0.016064 0.163235 -0.09841 
C6 0.285892 0.189413 1.50936 
Age 0.004469 0.003209 1.39257 
Sex -0.288858 0.082065 -3.51986 
Intercepts: 
1|2 -0.2569 0.2956 -0.8688 
2|3 -0.1608 0.2956 -0.5441 
 
Table A-22. PS ordinal regression by cohort. 
 Value Standard error t-value 
Coefficients: 
C2 0.3054 0.3263 0.9358 
C3 0.4411 0.3085 1.4299 
C4 0.3291 0.3243 1.0149 
C5 0.2061 0.3106 0.6636 
C6 0.1073 0.3062 0.3503 
Intercepts: 
1|2 -1.6594 0.3023 -5.4893 
2|3 0.5889 0.2893 2.0355 
3|4 2.6630 0.3395 7.8434 
 
Table A-23. PS ordinal regression by cohort + age. 
 Value Standard error t-value 
Coefficients: 
C2 0.1329 0.337098 0.3941 
C3 0.1036 0.340168 0.3045 
C4 0.2023 0.332482 0.6085 
C5 -0.0479 0.322453 -0.1485 
C6 -0.2301 0.333039 -0.6909 
Age -0.0105 0.004094 -2.5657 
Intercepts: 
1|2 -2.5115 0.4337 -5.7903 
2|3 -0.1438 0.4158 -0.3458 
3|4 1.8765 0.4448 4.2190 
 
Table A-24. PS ordinal regression by cohort + age + sex. 
 Value Standard error t-value 
Coefficients: 
C2 0.12026 0.338521 0.3553 
C3 0.07744 0.346074 0.2238 
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C4 0.17993 0.336915 0.5341 
C5 -0.07035 0.327055 -0.2151 
C6 -0.25696 0.339424 -0.7571 
Age -0.01080 0.004157 -2.5976 
Sex -0.04883 0.118860 -0.4108 
Intercepts: 
1|2 -2.5790 0.4640 -5.5580 
2|3 -0.2102 0.4461 -0.4711 
3|4 1.8095 0.4736 3.8209 
 
Table A-25. PZT ordinal regression by cohort. 
 Value Standard error t-value 
Coefficients: 
C2 -0.2520 0.1660 -1.5185 
C3 -0.1039 0.1626 -0.6389 
C4 -0.2863 0.1748 -1.6376 
C5 -0.1976 0.1590 -1.2433 
C6 -0.1160 0.1620 -0.7159 
Intercepts: 
0|1 -1.6730 0.1434 -11.6647 
1|2 1.0939 0.1373 7.9662 
2|3 2.2397 0.1744 12.8441 
 
Table A-26. PZT ordinal regression by cohort + age. 
 Value Standard error t-value 
Coefficients: 
C2 -0.372302 0.178236 -2.089 
C3 -0.317392 0.201272 -1.577 
C4 -0.335584 0.178087 -1.884 
C5 -0.367541 0.170918 -2.150 
C6 -0.429531 0.196956 -2.181 
Age -0.005944 0.003396 -1.750 
Intercepts: 
0|1 -2.1923 0.3036 -7.2205 
1|2 0.6433 0.2946 2.1834 
2|3 2.0106 0.3305 6.0826 
 
Table A-27. PZT ordinal regression by cohort + age + sex. 
 Value Standard error t-value 
Coefficients: 
C2 -0.245762 0.181537 -1.3538 
C3 -0.152278 0.205841 -0.7398 
C4 -0.246143 0.180355 -1.3648 
C5 -0.233456 0.174528 -1.3376 
C6 -0.274337 0.201279 -1.3630 
Age -0.003837 0.003455 -1.1107 
Sex 0.396110 0.088824 4.4595 
Intercepts: 
0|1 -1.7554 0.3200 -5.4852 
1|2 1.1343 0.3169 3.5795 
2|3 2.5128 0.3516 7.1461 
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Table A-28. CS ordinal regression by cohort. 
 Value Standard error t-value 
Coefficients: 
C2 0.009603 0.1452 0.06615 
C3 0.100542 0.1422 0.70724 
C4 0.106863 0.1506 0.70965 
C5 0.028427 0.1421 0.19999 
C6 0.221159 0.1424 1.55258 
Intercepts: 
1|2 -0.3155 0.1204 -2.6199 
2|3 -0.1492 0.1203 -1.2402 
3|4 1.0639 0.1231 8.6451 
 
Table A-29. CS ordinal regression by cohort + age. 
 Value Standard error t-value 
Coefficients: 
C2 -0.09556 0.153316 -0.6233 
C3 -0.10766 0.172152 -0.6254 
C4 0.07740 0.151351 0.5114 
C5 -0.04744 0.146544 -0.3237 
C6 0.04069 0.165449 0.2459 
Age -0.00609 0.002836 -2.1469 
Intercepts: 
1|2 -0.7859 0.2501 -3.1425 
2|3 -0.6191 0.2498 -2.4779 
3|4 0.5973 0.2497 2.3921 
 
Table A-30. CS ordinal regression by cohort + age + sex. 
 Value Standard error t-value 
Coefficients: 
C2 0.071798 0.156205 0.4596 
C3 0.118938 0.176316 0.6746 
C4 0.197176 0.153147 1.2875 
C5 0.122483 0.149513 0.8192 
C6 0.252387 0.169308 1.4907 
Age -0.003373 0.002879 -1.1717 
Sex 0.474918 0.072886 6.5159 
Intercepts: 
1|2 -0.2178 0.2658 -0.8195 
2|3 -0.0471 0.2658 -0.1771 
3|4 1.2081 0.2679 4.5096 
 
Table A-31. LMB ordinal regression by cohort. 
 Value Standard error t-value 
Coefficients: 
C2 0.43030 0.1521 2.8284 
C3 0.29751 0.1480 2.0105 
C4 0.21014 0.1562 1.3451 
C5 -0.09887 0.1459 -0.6778 
C6 -0.04744 0.1459 -0.3252 
Intercepts: 
1|2 -1.0747 0.1265 -8.4939 
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2|3 0.0222 0.1229 0.1804 
3|4 3.0746 0.2586 11.8893 
 
Table A-32. LMB ordinal regression by cohort + age. 
 Value Standard error t-value 
Coefficients: 
C2 0.541918 0.160700 3.3722 
C3 0.521570 0.180253 2.8935 
C4 0.243503 0.157255 1.5485 
C5 -0.018576 0.150547 -0.1234 
C6 0.145810 0.170742 0.8540 
Age 0.006526 0.002988 2.1837 
Intercepts: 
1|2 -0.5757 0.2612 -2.2039 
2|3 0.5248 0.2609 2.0113 
3|4 3.5861 0.3507 10.2254 
 
Table A-33. LMB ordinal regression by cohort + age + sex. 
 Value Standard error t-value 
Coefficients: 
C2 0.423512 0.16321 2.5949 
C3 0.340311 0.18439 1.8457 
C4 0.150087 0.15868 0.9458 
C5 -0.158299 0.15353 -1.0311 
C6 -0.029688 0.17484 -0.1698 
Age 0.003984 0.00305 1.3059 
Sex -0.394235 0.07691 -5.1256 
Intercepts: 
1|2 -1.0920 0.2816 -3.8778 
2|3 0.0229 0.2804 0.0817 
3|4 3.1462 0.3617 8.6990 
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